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Š· É±µ ¨§² £ ÕÉ¸Ö ¸µ¢·¥³¥´´Ò¥ ¶·¥¤¸É ¢²¥´¨Ö µ¡ Ô¢µ²ÕÍ¨¨ · ´´¥° ‚¸¥²¥´´µ° ¨ µ¶¨¸Ò¢ -
ÕÉ¸Ö ¸Í¥´ ·¨¨ µ¡· §µ¢ ´¨Ö ¨ Ô¢µ²ÕÍ¨¨ §¢¥§¤,   É ±¦¥ Ö¤¥·´Ò¥ ·¥ ±Í¨¨, µ¶·¥¤¥²ÖÕÐ¨¥ ¶·µ¨¸Ìµ-
¤ÖÐ¨¥ ¢ §¢¥§¤ Ì ¶·µÍ¥¸¸Ò, ¢ Î ¸É´µ¸É¨, ´Ê±²¥µ¸¨´É¥§. �¸µ¡µ¥ ¢´¨³ ´¨¥ Ê¤e²Ö¥É¸Ö µ¡· §µ¢ ´¨Õ
Ô²¥³¥´Éµ¢ ÉÖ¦¥²¥¥ ¦¥²¥§  ¶ÊÉ¥³ ¶µ¸²¥¤µ¢ É¥²Ó´µ£µ § Ì¢ É  ´¥°É·µ´µ¢ (s- ¨ r-¶·µÍ¥¸¸Ò). „²Ö
· ¸Î¥É  ÔÉ¨Ì ¶·µÍ¥¸¸µ¢ É·¥¡ÊÕÉ¸Ö ¤¥É ²Ó´Ò¥ ¤ ´´Ò¥ µ ¸¥Î¥´¨ÖÌ ·¥ ±Í¨° (n, γ), Ê¸·¥¤´¥´´ÒÌ ¶µ
³ ±¸¢¥²²µ¢¸±¨³ ¸¶¥±É· ³ ´¥°É·µ´µ¢ ¶·¨ É¥³¶¥· ÉÊ· Ì ¶µ·Ö¤±  10÷100 ±Ô‚, ¶·¨Î¥³ ¢¥¸Ó³  ¢ ¦-
´Ò³¨ Ö¢²ÖÕÉ¸Ö ·¥ ±Í¨¨ ¸ ³ ²Ò³¨ ¸¥Î¥´¨Ö³¨ ¨/¨²¨ ¸ ¢µ§¡Ê¦¤¥´´Ò³¨ ¨ ´¥¸É ¡¨²Ó´Ò³¨ Ö¤· ³¨.
�¶¨¸Ò¢ ÕÉ¸Ö ¤¥°¸É¢ÊÕÐ¨¥ ¨ ¸µ§¤ ¢ ¥³Ò¥ ¢ ˆŸˆ 
�� ¨ ‹�” �ˆŸˆ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ Ê¸É -
´µ¢±¨, ´  ±µÉµ·ÒÌ ¶² ´¨·Ê¥É¸Ö ¨§³¥·ÖÉÓ É ±¨¥ ¸¥Î¥´¨Ö.

The scenario of the star formation and evolution and the nuclear reactions determining nu-
cleosynthesis in the stars are described after short presentation of the modern idea about the early
Universe evolution. Particular emphasis has been placed on the formation of the elements heavier than
iron by means of succession neutrons capture (s- and r-processes). For these reactions calculation
it is need the detailed data on the (n, γ) reaction cross section, averaged on the Maxwellian neutron
spectra at the temperatures from 10 to 100 keV. The very important reactions are reactions with small
cross sections and reactions with the excited or unstable nuclei. The existing experimental setups
for measurements of such reactions and those being developed in INR RAS and FLNP JINR are
described.

1. ‚‚…„…�ˆ…

‚¸¥²¥´´ Ö ¨ ´¥°É·µ´ ¶·¥¤¸É ¢²ÖÕÉ ¤¢¥ ±· °´µ¸É¨: ¨Ì · §²¨Î¨¥ ¶µ ¢·¥-
³¥´¨ ¦¨§´¨ Å 15 ¶µ·Ö¤±µ¢, ¶µ · §³¥·Ê Å ¡µ²¥¥ 40 ¶µ·Ö¤±µ¢, ¶µ ³ ¸¸¥ Å
¶µÎÉ¨ 80 ¶µ·Ö¤±µ¢. ˆ ¶·¨ ÔÉµ³ ¸¢µ°¸É¢  ´¥°É·µ´ , ± ± ¡Ê¤¥É ¢¨¤´µ ¨§ ¤ ²Ó-
´¥°Ï¥£µ, ± ·¤¨´ ²Ó´µ ¢²¨ÖÕÉ ´  ¸¢µ°¸É¢  ¨ Ô¢µ²ÕÍ¨Õ ‚¸¥²¥´´µ°, ¢ ´¥±µÉµ-
·ÒÌ ¸²ÊÎ ÖÌ ¤ ¦¥ ¸¨²Ó´¥¥, Î¥³ ´  ¸¢µ°¸É¢  ®·µ¤´ÒÌ¯ Ö¤¥·. …Ð¥ ¤µ µÉ±·ÒÉ¨Ö
´¥°É·µ´  ¤µ¸É¨¦¥´¨Ö Ö¤¥·´µ° Ë¨§¨±¨ ¸Ò£· ²¨ ·¥Ï ÕÐÊÕ ·µ²Ó ¢ ¸É ´µ¢²¥-
´¨¨ ¸µ¢·¥³¥´´ÒÌ ¶·¥¤¸É ¢²¥´¨°  ¸É·µË¨§¨±¨. ’ ±, · ´¥¥ ¸Î¨É ²µ¸Ó, ÎÉµ ¸¢¥-
Î¥´¨¥ §¢¥§¤ ¶µ¤¤¥·¦¨¢ ¥É¸Ö £· ¢¨É Í¨µ´´µ° Ô´¥·£¨¥°. �Éµ ¤ ¥É ¤²Ö ¢·¥³¥´¨
¦¨§´¨ §¢¥§¤Ò É¨¶  ‘µ²´Í  ¢¥²¨Î¨´Ê ¶µ·Ö¤±  GM2/LR ∼ 107 − 108 ²¥É, £¤¥
M Å ³ ¸¸ , L Å ¸¢¥É¨³µ¸ÉÓ, R Å · ¤¨Ê¸ §¢¥§¤Ò. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ¤ ´´Ò¥
· ¤¨µ¨§µÉµ¶´µ£µ  ´ ²¨§  ¤·¥¢´¥°Ï¨Ì ³¨´¥· ²µ¢, ¶µ²ÊÎ¥´´Ò¥ ¢¸±µ·¥ ¶µ¸²¥
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µÉ±·ÒÉ¨Ö ¨§µÉµ¶µ¢ ¨ · ¤¨µ ±É¨¢´µ¸É¨, ¶µ± § ²¨, ÎÉµ ‡¥³²Ö ¸ÊÐ¥¸É¢Ê¥É ´¥-
¸±µ²Ó±µ ³¨²²¨ ·¤µ¢ ²¥É, É.¥. ¢µ ³´µ£µ ¤¥¸ÖÉ±µ¢ · § ¤µ²ÓÏ¥, Î¥³ ³µ£²µ ¡Ò
¸ÊÐ¥¸É¢µ¢ ÉÓ ‘µ²´Í¥ ¶µ ÔÉµ° É¥µ·¨¨. ‚ ¤ ²Ó´¥°Ï¥³, ¶µ ³¥·¥ · §· ¡µÉ±¨
É¥µ·¨¨ Ö¤¥·´ÒÌ ¶·µÍ¥¸¸µ¢ ¢ §¢¥§¤ Ì ± ± ¨¸ÉµÎ´¨±µ¢ Ô´¥·£¨¨ ¨ §¢¥§¤´µ° Ô¢µ-
²ÕÍ¨¨ ·µ²Ó Ö¤¥·´µ° Ë¨§¨±¨ ¢  ¸É·µË¨§¨Î¥¸±¨Ì É¥µ·¨ÖÌ ´¥¶·¥·Ò¢´µ ¢µ§· -
¸É ² . ‘ µÉ±·ÒÉ¨¥³ ¢ ¸¶¥±É· Ì §¢¥§¤ É¥Ì´¥Í¨Ö∗ ¸É ²µ µÎ¥¢¨¤´Ò³, ÎÉµ ¢ ´¨Ì
³µ¦¥É ¨¤É¨ µ¡· §µ¢ ´¨¥ ÉÖ¦¥²ÒÌ (¸ ³ ¸¸µ¢Ò³ Î¨¸²µ³ A > 60) ´Ê±²¨¤µ¢,
É.¥. ¶·µÍ¥¸¸ ¶µ¸²¥¤µ¢ É¥²Ó´µ£µ § Ì¢ É  Ö¤· ³¨ ´¥°É·µ´µ¢ (¸³. · §¤.4). ’ ±¨³
µ¡· §µ³, ¤ ´´Ò¥ µ · ¸¶·µ¸É· ´¥´´µ¸É¨ ¨§µÉµ¶µ¢ ¢µ ‚¸¥²¥´´µ° ¨ ¢ ·¥ ±Í¨ÖÌ,
¢ ±µÉµ·ÒÌ µ´¨ µ¡· §ÊÕÉ¸Ö, Ö¢²ÖÕÉ¸Ö µ¤´¨³¨ ¨§ ¢ ¦´¥°Ï¨Ì Ô±¸¶¥·¨³¥´É ²Ó-
´ÒÌ ¨¸ÉµÎ´¨±µ¢ Ö¤¥·´µ°  ¸É·µË¨§¨±¨.

Š· É±µ³Ê µ¡¸Ê¦¤¥´¨Õ ·µ²¨ Ö¤¥·´µ°, ¢ ¶¥·¢ÊÕ µÎ¥·¥¤Ó ´¥°É·µ´´µ°, Ë¨-
§¨±¨ ¢ ·¥Ï¥´¨¨  ¸É·µË¨§¨Î¥¸±¨Ì ¶·µ¡²¥³ ¶µ¸¢ÖÐ¥´ ´ ¸ÉµÖÐ¨° µ¡§µ·.

2. Š
�’Š�Ÿ ˆ‘’�
ˆŸ ‚‘…‹…���‰

�±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¨¸ÉµÎ´¨± ³¨, ²¥£Ï¨³¨ ¢ µ¸´µ¢Ê ¸µ¢·¥³¥´´ÒÌ
¶·¥¤¸É ¢²¥´¨° µ ¶·µ¨¸Ìµ¦¤¥´¨¨ ¨ Ô¢µ²ÕÍ¨¨ ‚¸¥²¥´´µ°, Ö¢²ÖÕÉ¸Ö µÉ±·ÒÉ¨Ö
· §¡¥£ ´¨Ö £ ² ±É¨± ¨ ·¥²¨±Éµ¢µ£µ ¨§²ÊÎ¥´¨Ö ¨ ¤ ´´Ò¥ µ · ¸¶·µ¸É· ´¥´´µ¸É¨
´Ê±²¨¤µ¢.

� §¡¥£ ´¨¥ £ ² ±É¨±. „µ 20-Ì £µ¤µ¢ XX ¢¥±  ±µ¸³µ²µ£¨ ¸Î¨É ²¨, ÎÉµ
‚¸¥²¥´´ Ö ¢¥Î´ , ¡¥§£· ´¨Î´  ¨ ¸É Í¨µ´ ·´ . ‚ 1922 ¨ 1924 ££. ¢ ¤¢ÊÌ § -
³¥É± Ì �.�.”·¨¤³ ´ ¤µ± § ², ÎÉµ É¥µ·¨Ö ·¨³ ´µ¢¸±µ£µ ¨ Ô°´ÏÉ¥°´µ¢¸±µ£µ
¶·µ¸É· ´¸É¢  ¸µ¤¥·¦¨É ´¥¸É Í¨µ´ ·´Ò¥ ·¥Ï¥´¨Ö, µ¶¨¸Ò¢ ÕÐ¨¥ ¢ · ³± Ì µ¤-
´µ·µ¤´µ° ³µ¤¥²¨ Ô¢µ²ÕÍ¨Õ ‚¸¥²¥´´µ°, ± ± µÉ±·ÒÉµ°, É ± ¨ § ±·ÒÉµ°. ‚
1929 £. • ¡¡², ¨§³¥·ÖÖ ±· ¸´µ¥ (¤µ¶²¥·µ¢¸±µ¥) ¸³¥Ð¥´¨¥ ¸¶¥±É· ²Ó´ÒÌ ²¨-
´¨° ¨§²ÊÎ¥´¨Ö (¶µ£²µÐ¥´¨Ö) §¢¥§¤, µ¡´ ·Ê¦¨², ÎÉµ £ ² ±É¨±¨ · §¡¥£ ÕÉ¸Ö,
¶·¨Î¥³ ¢ ¶µ²´µ³ ¸µµÉ¢¥É¸É¢¨¨ ¸ É¥µ·¨¥° ”·¨¤³ ´ : Î¥³ ¡µ²ÓÏ¥ · ¸¸ÉµÖ´¨¥
R ¤µ £ ² ±É¨±¨, É¥³ ¡µ²ÓÏ¥ ¸±µ·µ¸ÉÓ v = Ṙ ¥¥ Ê¤ ²¥´¨Ö. �Éµ µ§´ Î ¥É, ÎÉµ
‚¸¥²¥´´ Ö ´¥ ¢¥Î´ ,   ¢µ§´¨±²  ´¥±µÉµ·µ¥ ¢·¥³Ö Éµ³Ê ´ § ¤. ‡´ Î¥´¨¥ ®¶µ-
¸ÉµÖ´´µ°¯ • ¡¡²  ∗∗ H = Ṙ/R, ¶µ²ÊÎ¥´´µ¥ ¨§ ¶µ¸²¥¤´¨Ì ¤ ´´ÒÌ µ¡ µÎ¥´Ó
¤ ²¥±¨Ì £ ² ±É¨± Ì, µ¶·¥¤¥²Ö¥É¸Ö ´¥· ¢¥´¸É¢µ³

50 ≤ H ≤ 85 ±³/(c ·Œ¶±) (1)

∗� ¨¡µ²ÓÏ¨° ¶¥·¨µ¤ ¶µ²Ê· ¸¶ ¤  ¨§ ¨§µÉµ¶µ¢ É¥Ì´¥Í¨Ö ¨³¥¥É 98Tc Å 4,2 ³²´. ²¥É.
∗∗‘µ£² ¸´µ É¥µ·¨¨ ”·¨¤³ ´  H ¢ ± ¦¤Ò° ³µ³¥´É ¢·¥³¥´¨ t ´¥ § ¢¨¸¨É µÉ ±µµ·¤¨´ ÉÒ,

´µ § ¢¨¸¨É µÉ t, ¶µ¸±µ²Ó±Ê ÉÖ£µÉ¥´¨¥ ¤µ²¦´µ § ³¥¤²ÖÉÓ ¸±µ·µ¸ÉÓ · ¸Ï¨·¥´¨Ö ‚¸¥²¥´´µ° (cp.
Ëµ·³Ê²Ò (3) ¨ (7)). �¤´ ±µ ¸µ¢·¥³¥´´ Ö ÉµÎ´µ¸ÉÓ ¨§³¥·¥´¨Ö H ´¥ ¶µ§¢µ²Ö¥É µ¡´ ·Ê¦¨ÉÓ ÔÉµÉ
ÔËË¥±É.
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(1 Œ¶± = 3, 1 · 1019 ±³). ‘±µ·µ¸ÉÓ Ê¤ ²¥´¨Ö ÔÉ¨Ì £ ² ±É¨± ¡²¨§±  ± c, É.¥.
µ´¨ · ¸¶µ²µ¦¥´Ò Ê ®£µ·¨§µ´É ¯ ‚¸¥²¥´´µ° ∗, ¨ ´ ¡²Õ¤ ¥³Ò° ¸¥°Î ¸ ¸¢¥É µÉ
´¨Ì ¡Ò² ¨¸¶ÊÐ¥´ ¶µÎÉ¨ ¢ ¸ ³µ³ ´ Î ²¥ ¥¥ ¸ÊÐ¥¸É¢µ¢ ´¨Ö. �Éµ µ§´ Î ¥É, ÎÉµ
¢¥²¨Î¨´  τ = 1/H ¶· ±É¨Î¥¸±¨ · ¢´  ¢·¥³¥´¨, ¶·µÏ¥¤Ï¥³Ê ¸ ³µ³¥´É  ¢µ§-
´¨±´µ¢¥´¨Ö ‚¸¥²¥´´µ° Å qµ²ÓÏµ£µ ‚§·Ò¢  (q‚), ±µÉµ·µ¥, É ±¨³ µ¡· §µ³,
²¥¦¨É ¢ ¶·¥¤¥² Ì µÉ 12 ¤µ 20 ³²·¤. ²¥É. qµ²ÓÏ Ö ´¥µ¶·¥¤¥²¥´´µ¸ÉÓ ¢ §´ Î¥-
´¨¨ H ¸¢Ö§ ´  ¸ É·Ê¤´µ¸ÉÓÕ µ¶·¥¤¥²¥´¨Ö · ¸¸ÉµÖ´¨° ¤µ ¤ ²¥±¨Ì £ ² ±É¨±.

�¥²¨±Éµ¢µ¥ ¨§²ÊÎ¥´¨¥. ‚ 1965 £. �¥´§¨ ¸ ¨ ‚¨²Ó¸µ´ µ¡´ ·Ê¦¨²¨ Ô²¥±É·µ-
³ £´¨É´µ¥ ¨§²ÊÎ¥´¨¥ ¸µ ¸¶¥±É·µ³, ¡²¨§±¨³ ± ¸¶¥±É·Ê ¨§²ÊÎ¥´¨Ö Î¥·´µ£µ É¥² 
¸ É¥³¶¥· ÉÊ·µ° 2,7 Š, ¨ ¶µÎÉ¨ ¨§µÉ·µ¶´µ¥; µ¡´ ·Ê¦¥´Ò ²¨ÏÓ ¢¥¸Ó³  ³ ²Ò¥
(∼ 10−4) µÉ±²µ´¥´¨Ö ÔÉµ£µ ¨§²ÊÎ¥´¨Ö µÉ ¨§µÉ·µ¶¨¨. ‚¸±µ·¥ ¥£µ µ¡ÑÖ¸´¨²¨
± ± ·¥§Ê²ÓÉ É µ¸ÉÒ¢ ´¨Ö ¨§²ÊÎ¥´¨Ö, ®µÉµ·¢ ¢Ï¥£µ¸Ö¯ µÉ £µ·ÖÎ¥° ¶² §³Ò ¢
¶¥·¨µ¤ Ëµ·³¨·µ¢ ´¨Ö  Éµ³µ¢, ±µ£¤  ¢¥Ð¥¸É¢µ ¸É ²µ µ¶É¨Î¥¸±¨ ¶·µ§· Î´Ò³,
É.¥. ³¥´ÓÏ¥ Î¥³ Î¥·¥§ 1 ³²´. ²¥É ¶µ¸²¥ q‚,   ¸²¥¤µ¢ É¥²Ó´µ, ¶µÎÉ¨ µÉ ¸ -
³µ£µ £µ·¨§µ´É  ‚¸¥²¥´´µ°. 
¥²¨±Éµ¢µ¥ ¨§²ÊÎ¥´¨¥ ¡Ò²µ µÉ±·ÒÉµ ®¸²ÊÎ °´µ¯.
�µ, ± ± ¢¶µ¸²¥¤¸É¢¨¨ ¢ÒÖ¸´¨²µ¸Ó, µ´µ ¡Ò²µ · ´¥¥ ¶·¥¤¸± § ´µ ·Ö¤µ³  ¢Éµ-
·µ¢ („¦.ƒ ³µ¢Ò³ ¨ �²Ë¥·µ³ (1948 £.), �.ƒ.„µ·µÏ±¥¢¨Î¥³ ¨ ˆ.„.�µ¢¨±µ¢Ò³
(1964 £.), 
.„¨±±¥ (1964 £.)).

� ¸¶·µ¸É· ´¥´´µ¸ÉÓ ´Ê±²¨¤µ¢ ¢µ ‚¸¥²¥´´µ°. �µ¤ ¢²ÖÕÐÊÕ Î ¸ÉÓ ¶µ²-
´µ° ´Ê±²µ´´µ° ³ ¸¸Ò (∼= 99, 9%) ¢µ ‚¸¥²¥´´µ° ¸µ¸É ¢²ÖÕÉ � ¨ 4�¥, ¶·¨Î¥³,
± ± ¶µ± § ²¨ ³´µ£µÎ¨¸²¥´´Ò¥ ¨¸¸²¥¤µ¢ ´¨Ö · §²¨Î´Ò³¨ ³¥Éµ¤ ³¨, µÉ´µÏ¥-
´¨¥ Î¨¸²   Éµ³µ¢ � ± Î¨¸²Ê  Éµ³µ¢ 4�¥, ¢ µ¸´µ¢´µ³, µ¤¨´ ±µ¢µ ¢ · §²¨Î-
´ÒÌ, ¤µ¸É ÉµÎ´µ ±·Ê¶´µ³ ¸ÏÉ ¡´ÒÌ  ¸É·µË¨§¨Î¥¸±¨Ì µ¡Ñ¥±É Ì (´ ¶·¨³¥·, ¢
¸·¥¤´¥³ ¶µ ‘µ²´¥Î´µ° ¸¨¸É¥³¥) ¨ ¡²¨§±µ ± 10. �É´µ¸¨É¥²Ó´ Ö · ¸¶·µ¸É· -
´¥´´µ¸ÉÓ (�
) ¤·Ê£¨Ì Ö¤¥· ´ ¨¡µ²¥¥ ´ ¤¥¦´µ Ê¸É ´µ¢²¥´  ¤²Ö ‘µ²´¥Î´µ°
¸¨¸É¥³Ò, ¢ ¶¥·¢ÊÕ µÎ¥·¥¤Ó, ¤²Ö ‡¥³²¨ ¨ ³¥É¥µ·¨Éµ¢. Š·¨¢ Ö �
 ´Ê±²¨¤µ¢
¶µ Î¨¸²Ê  Éµ³µ¢ ¶·¨¢¥¤¥´  ´  p¨¸. 1 (�
 Si ¶·¨´ÖÉ  · ¢´µ° 106). ‘ ·µ¸Éµ³
³ ¸¸µ¢µ£µ Î¨¸²  A · ¸¶·µ¸É· ´¥´´µ¸ÉÓ ¶ ¤ ¥É ¡Ò¸É·µ, ´µ ´¥³µ´µÉµ´´µ: ¨³¥-
ÕÉ¸Ö ·¥§±¨° ¶·µ¢ ² ¤²Ö £·Ê¶¶Ò ²¥£±¨Ì Ö¤¥· (¤²Ö D, 3�¥ ¨ µ¸µ¡¥´´µ ¤²Ö Li,
Be, B), ³ ±¸¨³Ê³Ò ¤²Ö Ö¤¥· £·Ê¶¶ CNO ¨ Fe,   É ±¦¥ ¢ · °µ´¥ ³ £¨Î¥¸±¨Ì
Î¨¸¥² ´¥°É·µ´µ¢ N = 50, 82, 126 (¶µ¤·µ¡´¥¥ ¸³. ¢ [1,2]).

qµ²ÓÏ¨´¸É¢µ §¢¥§¤ ¨ £ ² ±É¨± ¨³¥¥É, ± ± ¶· ¢¨²µ, ¡²¨§±¨° ¸µ¸É ¢ ´Ê-
±²¨¤µ¢. �¡´ ·Ê¦¥´´Ò¥ ¨§µÉµ¶´Ò¥  ´µ³ ²¨¨ Ê ´¥±µÉµ·ÒÌ  ¸É·µË¨§¨Î¥¸±¨Ì
µ¡Ñ¥±Éµ¢ ¸±µ·¥¥ ¢¸¥£µ µ¡Ê¸²µ¢²¥´Ò µ¸µ¡¥´´µ¸ÉÖ³¨ ±µ´±·¥É´ÒÌ ³¥Ì ´¨§³µ¢
´Ê±²¥µ¸¨´É¥§ , ¸¶¥Í¨Ë¨Î´ÒÌ ¤²Ö ÔÉ¨Ì µ¡Ñ¥±Éµ¢, ¨ ´¥ ¶·µÉ¨¢µ·¥Î É ¸µ¢·¥-
³¥´´Ò³ ¶·¥¤¸É ¢²¥´¨Ö³ µ¡ Ô¢µ²ÕÍ¨¨ §¢¥§¤ ¨ ‚¸¥²¥´´µ° ¢ Í¥²µ³.

∗ƒµ·¨§µ´Éµ³ (¢¨¤¨³µ¸É¨) ‚¸¥²¥´´µ° ¶·¨´ÖÉµ ´ §Ò¢ ÉÓ É ±ÊÕ ¶µ¢¥·Ì´µ¸ÉÓ, £¤¥ ¸¨£´ ² µÉ
²Õ¡µ£µ µ¡Ñ¥±É , · ¸¶µ²µ¦¥´´µ£µ ¢´¥ ÔÉµ° ¶µ¢¥·Ì´µ¸É¨, ¨¸¶ÊÐ¥´´Ò° §  ¢¸¥ ¢·¥³Ö ¸ÊÐ¥¸É¢µ¢ ´¨Ö
‚¸¥²¥´´µ°, ´¥ ³µ¦¥É ¸¥°Î ¸ ¡ÒÉÓ ¶·¨´ÖÉ. �·¨¡²¨¦¥´´µ ³µ¦´µ ¸Î¨É ÉÓ, ÎÉµ µ´  Ö¢²Ö¥É¸Ö ¸Ë¥·µ°
¸ · ¤¨Ê¸µ³ RU = cτ , £¤¥ τ Å ¢·¥³Ö ¸ÊÐ¥¸É¢µ¢ ´¨Ö ‚¸¥²¥´´µ°. ’ ±¨³ µ¡· §µ³, ¢¥²¨Î¨´  RU

Ì · ±É¥·¨§Ê¥É ÔËË¥±É¨¢´Ò° · §³¥· (®· ¤¨Ê¸¯) ‚¸¥²¥´´µ°.
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¨¸. 1. ‘É ´¤ ·É´ Ö ±·¨¢ Ö µÉ´µ¸¨É¥²Ó´µ° · ¸¶·µ¸É· ´¥´´µ¸É¨ ´Ê±²¨¤µ¢ lg (N/NSi)
(NSi = 106) ± ± ËÊ´±Í¨¨ ³ ¸¸µ¢µ£µ Î¨¸²  A

’µÉ Ë ±É, ÎÉµ �
 4He ¶· ±É¨Î¥¸±¨ µ¤¨´ ±µ¢  ¢ · §²¨Î´ÒÌ ±·Ê¶´µ³ ¸-
ÏÉ ¡´ÒÌ  ¸É·µË¨§¨Î¥¸±¨Ì µ¡Ñ¥±É Ì, Ê± §Ò¢ ¥É ´  ¥£µ ¶·µ¨¸Ìµ¦¤¥´¨¥ ¢ ÉÊ
Ô¶µÌÊ, ±µ£¤  ‚¸¥²¥´´ Ö ¡Ò²  ¢ §´ Î¨É¥²Ó´µ° ¸É¥¶¥´¨ µ¤´µ·µ¤´ . �  · ´´¥°
¸É ¤¨¨ · §¢¨É¨Ö ‚¸¥²¥´´µ° É ±¦¥ ³µ£²¨ µ¡· §µ¢ ÉÓ¸Ö D, 3�¥ ¨ 7Li. Š ±
¶µ± §Ò¢ ÕÉ µÍ¥´±¨, µ¡· §µ¢ ´¨¥ ¨ ¸£µ· ´¨¥ 4�¥ ¢ §¢¥§¤ Ì ¢ ·¥§Ê²ÓÉ É¥ É¥·-
³µÖ¤¥·´ÒÌ ·¥ ±Í¨° ´¥ ³µ£²µ § ³¥É´µ ¨§³¥´¨ÉÓ ®¶¥·¢µ´ Î ²Ó´ÊÕ¯ ¤µ²Õ 4�¥
¢ µ¡Ð¥° ´Ê±²µ´´µ° ³ ¸¸¥ ±µ¸³µ¸ , µ¡ÒÎ´µ µ¡µ§´ Î ¥³ÊÕ ¸¨³¢µ²µ³ Yp. �¥-
¸±µ²Ó±µ É·Ê¤´¥¥ µÍ¥´¨ÉÓ ¨§³¥´¥´¨¥ µÉ´µÏ¥´¨° · ¸¶·µ¸É· ´¥´´µ¸É¥° (D/H)
¨ (7Li/H) ¶µ ¸· ¢´¥´¨Õ ¸ ¨Ì ¶¥·¢µ´ Î ²Ó´Ò³¨ §´ Î¥´¨Ö³¨ (D/H)p ¨ (7Li/H)p.
‘µ£² ¸´µ [3,4] ¨³¥¥³

Yp = 0, 230±0, 010, 10−5 < (D/H)p < 2·10−4, 10−10 < (7Li/H)p < 8·10−10.
(2)

(�Í¥´±  ¶¥·¢µ´ Î ²Ó´µ£µ µÉ´µÏ¥´¨Ö (3�¥/H)p ¤µ¢µ²Ó´µ ´¥µ¶·¥¤¥²¥´´ , ¶µ-
¸±µ²Ó±Ê §  ¢·¥³Ö ¸ÊÐ¥¸É¢µ¢ ´¨Ö ‚¸¥²¥´´µ° µ´µ ³µ£²µ § ³¥É´µ ¨§³¥´¨ÉÓ¸Ö ± ±
¢ ÉÊ, É ± ¨ ¢ ¤·Ê£ÊÕ ¸Éµ·µ´Ê.) ‚ Í¥²µ³, ´¥¸³µÉ·Ö ´  · §²¨Î¨¥ ¢ ´¥¸±µ²Ó±µ
¶µ·Ö¤±µ¢, ¶·¨¢¥¤¥´´Ò¥ ¸·¥¤´¨¥ §´ Î¥´¨Ö �
 Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ µ¡ÑÖ¸´ÖÕÉ¸Ö
¸µ¢·¥³¥´´µ° ±µ¸³µ²µ£¨Î¥¸±µ° É¥µ·¨¥°.

�¢µ²ÕÍ¨Ö · ´´¥° ‚¸¥²¥´´µ°. ‘± § ´´µ¥ ¢ÒÏ¥ µ¤´µ§´ Î´µ ¨´É¥·¶·¥É¨-
·Ê¥É¸Ö ´  µ¸´µ¢¥ É¥µ·¨¨, ¶µ ±µÉµ·µ° ‚¸¥²¥´´ Ö ¢µ§´¨±²  ¢ ·¥§Ê²ÓÉ É¥ qµ²Ó-
Ïµ£µ ‚§·Ò¢ . ‡  ´ Î ²Ó´Ò° ³µ³¥´É ¥¥ · §¢¨É¨Ö ¶·¨´¨³ ¥É¸Ö ¢·¥³Ö �² ´± 
tPl =

√
�G/c5 = 5, 4 · 10−44 ¸ ¶µ¸²¥ q‚. ‘Î¨É ¥É¸Ö, ÎÉµ ¢µ ¢·¥³¥´  t < tPl

¢ ¦´ÊÕ ·µ²Ó ¨£· ²¨ ±¢ ´Éµ¢Ò¥ ¸¢µ°¸É¢  £· ¢¨É Í¨µ´´µ£µ ¶µ²Ö, ±µÉµ·Ò¥ É¥µ-
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T ¡²¨Í . GUT-±µ¸³µ²µ£¨Ö

�¸´µ¢´Ò¥ ÔÉ ¶Ò ‚·¥³Ö �´¥·£¨Ö ’¥³¶¥· - ®„¨ ³¥É·¯
¨¸Éµ·¨¨ ‚¸¥²¥´´µ° t, ¸ E = kT , ÉÊ·  ‚¸¥²¥´´µ°

ƒÔ‚ T , Š R, ¸³

‚·¥³Ö �² ´±  tPl 10−44 1019 1032 10−3

GUT SU(5)-´ ·ÊÏ¥´¨¥, mX 10−36 1015 1028 10
SU(2)L⊗U(1)-´ ·ÊÏ¥´¨¥, mW 10−10 102 1015 1014

Šµ´Ë °´³¥´É ±¢ ·±µ¢,
pp̄- ´´¨£¨²ÖÍ¨Ö 10−6 1 1013 1016

�ÉÐ¥¶²¥´¨¥ ν, Ä Ä Ä Ä
e+e−- ´´¨£¨²ÖÍ¨Ö 1 10−3 1010 1019

�¡· §µ¢ ´¨¥ ²¥£±¨Ì Ö¤¥· 102 10−4 109 1020

�ÉÐ¥¶²¥´¨¥ γ, ¶¥·¥Ìµ¤ µÉ
®· ¤¨ Í¨µ´´µ°¯ ‚¸¥²¥´´µ°
± ®¢¥Ð¥¸É¢¥´´µ°¯ ‚¸¥²¥´´µ°,
Ëµ·³¨·µ¢ ´¨¥  Éµ³µ¢,
µ¡· §µ¢ ´¨¥ §¢¥§¤ ¨ £ ² ±É¨± 1012 10−9 104 1025

(≈ 105 ²¥É)
‘¥£µ¤´Ö (t0) ≈ 5 · 1017 3 · 10−13 3 1028

(≈ 1010 ²¥É)

·¨Ö ¶µ±  ´¥ ¢ ¸µ¸ÉµÖ´¨¨ µ¶¨¸Ò¢ ÉÓ. „²Ö µ¶¨¸ ´¨Ö Ô¢µ²ÕÍ¨¨ ‚¸¥²¥´´µ° ¶µ¸²¥
tPl, ¶µ-¢¨¤¨³µ³Ê, ¶·¨³¥´¨³Ò ³¥Éµ¤Ò ¸µ¢·¥³¥´´µ° Ë¨§¨±¨. �¤´ ±µ ¶·¨ ÔÉµ³
¶·¨Ìµ¤¨É¸Ö ¶·¨¢²¥± ÉÓ ³µ¤¥²¨, É¥³ ³¥´¥¥ µ¡µ¸´µ¢ ´´Ò¥, Î¥³ ¡²¨¦¥ t ± tPl.
B É ¡²¨Í¥, ¢§ÖÉµ° ¨§ [5], £·Ê¡µ Ì · ±É¥·¨§ÊÕÉ¸Ö µ¸´µ¢´Ò¥ ÔÉ ¶Ò ¨¸Éµ·¨¨
‚¸¥²¥´´µ° ¶µ ¸É ´¤ ·É´µ° ±µ¸³µ²µ£¨Î¥¸±µ° ³µ¤¥²¨. …¥ Ô¢µ²ÕÍ¨Õ ³µ¦´µ
· §¤¥²¨ÉÓ ´  ¤¢¥ Ë §Ò. �¥·¢ Ö Å ÔÉµ Ë §  ¶·¥µ¡² ¤ ´¨Ö ¨§²ÊÎ¥´¨Ö (¶·¨
t < trec ≈ 700000 ²¥É; §¤¥¸Ó ¨ ¤ ²¥¥ ¨´¤¥±¸µ³ ®rec¯ ¶µ³¥Î ÕÉ¸Ö ¢¥²¨Î¨´Ò,
µÉ´µ¸ÖÐ¨¥¸Ö ± ³µ³¥´ÉÊ ¶·¥¢· Ð¥´¨Ö ¶² §³Ò ¢ £ § ´¥°É· ²Ó´ÒÌ  Éµ³µ¢ ¢
·¥§Ê²ÓÉ É¥ ·¥±µ³¡¨´ Í¨¨ ¸µ¸É ¢²ÖÕÐ¨Ì ¥¥ Ô²¥±É·µ´µ¢ ¨ Ö¤¥·). �·¨ ÔÉµ³
‚¸¥²¥´´ Ö ¶·¥¤¸É ¢²Ö²  ¸µ¡µ° ¶µÎÉ¨ µ¤´µ·µ¤´ÊÕ ¶² §³Ê ¨§ · §²¨Î´ÒÌ Î -
¸É¨Í, ±µÉµ· Ö, ´¥¸³µÉ·Ö ´  ¡Ò¸É·µ¥ · ¸Ï¨·¥´¨¥, ¢ ± ¦¤Ò° ³µ³¥´É ¢·¥³¥´¨
´ Ìµ¤¨² ¸Ó ¢ ¸µ¸ÉµÖ´¨¨ É¥¶²µ¢µ£µ · ¢´µ¢¥¸¨Ö, ¥¸²¨ ¸±µ·µ¸É¨ ΓI ¶·µÍ¥¸¸µ¢
¢§ ¨³µ¤¥°¸É¢¨Ö Î ¸É¨Í ¤·Ê£ ¸ ¤·Ê£µ³ § ³¥É´µ ¶·¥¢µ¸Ìµ¤¨²¨ µÉ´µ¸¨É¥²Ó´ÊÕ
¸±µ·µ¸ÉÓ · ¸Ï¨·¥´¨Ö ‚¸¥²¥´´µ°: ΓI � H . ‚ É¥Î¥´¨¥ ÔÉµ° Ë §Ò ¢·¥³Ö,
É¥³¶¥· ÉÊ·  T , ¶²µÉ´µ¸ÉÓ ³ É¥·¨¨ ρ (ρ = u/c2, u Å ¶²µÉ´µ¸ÉÓ Ô´¥·£¨¨), ÔË-
Ë¥±É¨¢´Ò° · §³¥· ‚¸¥²¥´´µ° RU ¨ ¶µ¸ÉµÖ´´ Ö • ¡¡²  (¸³. ¸´µ¸±Ê ´  ¸.1401)
¡Ò²¨ ¸¢Ö§ ´Ò ¸µµÉ´µÏ¥´¨Ö³¨

t =
1
2H

=
1
2

√
3

8πGρ
, ρ[£/¸³3] = 1, 22 · 10−35(T [K])4,

TRU = const ≈ 1029 Š · ¸³. (3)
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�µ¸²¥ ·Ö¤  ¡Ê±¢ ²Ó´µ Ë ´É ¸É¨Î¥¸±¨Ì ¶·¥¢· Ð¥´¨° (µ¡¸Ê¦¤¥´¨¥ ±µÉµ-
·ÒÌ ¢ÒÌµ¤¨É §  · ³±¨ ¤ ´´µ£µ µ¡§µ· ) ¶·¨ t ≈ 10−2 c, § ¢¥·Ï¨¢Ï¨Ì¸Ö ¶·µ-
Í¥¸¸µ³ ¡ ·¨µ´´µ°  ´´¨£¨²ÖÍ¨¨, ‚¸¥²¥´´ Ö ¶·¥¢· É¨² ¸Ó ¢ ¶² §³Ê, ¸µ¸ÉµÖ-
ÐÊÕ ¨§ ËµÉµ´µ¢, ²¥¶Éµ´µ¢ (Ô²¥±É·µ´µ¢, ¶µ§¨É·µ´µ¢ ¨ · §²¨Î´ÒÌ ´¥°É·¨´µ)
¨ µÎ¥´Ó ³ ²µ£µ Î¨¸²  NN ´Ê±²µ´µ¢∗: NN = N+

N −N−
N ≈ 10−9(N+

N +N−
N ), £¤¥

N+
N ¨ N−

N Å ¸µµÉ¢¥É¸É¢¥´´µ, ®¶¥·¢µ´ Î ²Ó´Ò¥¯ Î¨¸²  ´Ê±²µ´µ¢ ¨  ´É¨´Ê-
±²µ´µ¢. ‡´ Î¥´¨¥ NN µ¶·¥¤¥²¨²µ¸Ó ´  · ´´¨Ì ¸É ¤¨ÖÌ · §¢¨É¨Ö ‚¸¥²¥´´µ°
(¶·¨ t ≤ 10−35 c, ¶·¨Î¥³ · §²¨Î´Ò¥ ³µ¤¥²¨ Ô¢µ²ÕÍ¨¨ ´  ÔÉ¨Ì ¸É ¤¨ÖÌ ¶µ-
· §´µ³Ê µ¡ÑÖ¸´ÖÕÉ ¥£µ ¶·µ¨¸Ìµ¦¤¥´¨¥) ¨ ¡² £µ¤ ·Ö ¸µÌ· ´¥´¨Õ ¡ ·¨µ´´µ£µ
Î¨¸²  ´¥ ¨§³¥´¨²µ¸Ó ¤µ ´ Ï¨Ì ¤´¥°. ’ ±¨³ µ¡· §µ³, Ê¦¥ Î¥·¥§ 0,01 ¸ ¶µ¸²¥
q‚ (®¶¥·¢Ò° ± ¤·¯ ¢ ±´¨£¥ ‘.‚ °´¡¥·£  [6]) ´¥°É·µ´Ò ¸É ²¨ µ¤´µ° ¨§ £² ¢-
´ÒÌ ¸µ¸É ¢²ÖÕÐ¨Ì ‚¸¥²¥´´µ° ¨ ´ Î ²¨ ¨£· ÉÓ ¢ ¦´ÊÕ ·µ²Ó ¢ ¥¥ Ô¢µ²ÕÍ¨¨.
‘ ÔÉµ£µ ³µ³¥´É  ¨ ¤µ t ≈ 1 c (¶·¨ T > 1010 Š) µÉ´µÏ¥´¨¥ Î¨¸²  ´¥°É·µ´µ¢
± Î¨¸²Ê ¶·µÉµ´µ¢ § ¢¨¸¥²µ µÉ T ¶µ qµ²ÓÍ³ ´Ê:

Nn

Np

∼= exp
[
− (mn −mp) c2

kT

]
, (4)

mn, mp Å ³ ¸¸Ò ´¥°É·µ´  ¨ ¶·µÉµ´  ¸µµÉ¢¥É¸É¢¥´´µ. ’ ±µ¥ É¥·³µ¤¨´ ³¨-
Î¥¸±µ¥ · ¢´µ¢¥¸¨¥ µ¡ÑÖ¸´Ö¥É¸Ö ¨´É¥´¸¨¢´µ ¶·µÉ¥± ÕÐ¨³¨ ¸² ¡Ò³¨ ¶·µÍ¥¸-
¸ ³¨:

p+ e− ↔ n+ νe, n+ e+ ↔ p+ ν̄e. (5)

Šµ£¤  É¥³¶¥· ÉÊ·  Ê¶ ²  ¤µ ≈ 1010 Š, ÔÉ¨ ¶·µÍ¥¸¸Ò ¸É ²¨ ¸²¨Ï±µ³
³¥¤²¥´´Ò³¨, ´¥°É·¨´µ ®µÉµ·¢ ²¨¸Ó¯ µÉ µ¸É ²Ó´µ° ¶² §³Ò, ¨Ì É¥³¶¥· ÉÊ· 
¶ ¤ ²  ¶µ ³¥·¥ · ¸Ï¨·¥´¨Ö ‚¸¥²¥´´µ°, ¨ ± ´ ¸ÉµÖÐ¥³Ê ³µ³¥´ÉÊ µ´  ¡²¨§± 
± 2 Š. �É´µÏ¥´¨¥ Nn/Np ®§ ³µ·µ§¨²µ¸Ó¯ ¶·¨ T ≈ 1010 Š (± ÔÉµ³Ê ³µ³¥´ÉÊ
µ´µ ¡Ò²µ ¡²¨§±µ ± 0,2) ¨ ¢ ¤ ²Ó´¥°Ï¥³ ¨§³¥´Ö²µ¸Ó Éµ²Ó±µ §  ¸Î¥É β-· ¸¶ ¤ 
(¶¥·¨µ¤ ¶µ²Ê· ¸¶ ¤  ¸¢µ¡µ¤´µ£µ ´¥°É·µ´  τ1/2 = (10, 24 ± 0, 02) ³¨´). �·¨-
¡²¨§¨É¥²Ó´µ ¢ ÔÉµ ¦¥ ¢·¥³Ö  ´´¨£¨²ÖÍ¨Ö e+, e−-¶ · ¸É ²  ¶·¥¢ ²¨·µ¢ ÉÓ ´ ¤
¨Ì µ¡· §µ¢ ´¨¥³. ‚¸±µ·¥ ¶µ§¨É·µ´´ Ö ±µ³¶µ´¥´É  ¶² §³Ò ¨¸Î¥§ ¥É, Î¨¸²µ
Ô²¥±É·µ´µ¢ ¸É ´µ¢¨É¸Ö ¢ ÉµÎ´µ¸É¨ · ¢´Ò³ Î¨¸²Ê ¶·µÉµ´µ¢ Å ¶² §³  ¢ Í¥²µ³
´¥°É· ²Ó´ , ¨ ¥¥ µ¸´µ¢´µ° ±µ³¶µ´¥´Éµ° ¸É ´µ¢ÖÉ¸Ö ËµÉµ´Ò: ¨Ì Î¨¸²µ Nf

¢ ≈ 109 · § ¶·¥¢ÒÏ ¥É Î¨¸²µ ´Ê±²µ´µ¢ NN . � ¸¶Ê¸ÉÖ ∼ 102 c § ³¥É´ÊÕ
·µ²Ó ¸É ² ¨£· ÉÓ ¶·µÍ¥¸¸ ´Ê±²¥µ¸¨´É¥§ , ±µÉµ·Ò° ´  ÔÉµ° ¸É ¤¨¨ ¶·µÉ¥± ²
¶µ ¸²¥¤ÊÕÐ¥° ¸Ì¥³¥:

1) µ¡· §µ¢ ´¨¥ ¤¥°É·µ´µ¢ ¢ ·¥ ±Í¨¨ n + p → d + γ (¶·¨ ¡µ²¥¥ ¢Ò¸µ±¨Ì
É¥³¶¥· ÉÊ· Ì ¸² ¡µ¸¢Ö§ ´´Ò¥ ¤¥°É·µ´Ò µÎ¥´Ó ¡Ò¸É·µ · §·ÊÏ ÕÉ¸Ö §  ¸Î¥É
µ¡· É´µ° ·¥ ±Í¨¨ ¨ ¢ ¸Éµ²±´µ¢¥´¨ÖÌ ¸ ¡Ò¸É·Ò³¨ ¶·µÉµ´ ³¨);

∗‚ ÔÉµÉ ¸¶¨¸µ± Ê¸²µ¢´µ ³µ¦´µ ¢±²ÕÎ¨ÉÓ É ¨´¸É¢¥´´ÊÕ ®É¥³´ÊÕ ³ É¥·¨Õ¯, ¸ÊÐ¥¸É¢µ¢ ´¨¥
±µÉµ·µ° ³µ£²µ ¡Ò µ¡ÑÖ¸´¨ÉÓ  ´µ³ ²¨¨, ´ ¡²Õ¤ ¥³Ò¥ ¶·¨ ¨§ÊÎ¥´¨¨ ´¥±µÉµ·ÒÌ  ¸É·µË¨§¨Î¥¸±¨Ì
µ¡Ñ¥±Éµ¢.
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¨¸. 2. �¥·¢µ´ Î ²Ó´ Ö µÉ´µ¸¨É¥²Ó´ Ö · ¸¶·µ¸É· ´¥´´µ¸ÉÓ (OP) ²¥£±¨Ì ´Ê±²¨¤µ¢ ± ±
ËÊ´±Í¨Ö µÉ´µÏ¥´¨Ö η = NN/Nf :  ) �
 ¤²Ö D, 3He ¨ 7Li ¶·¨ τ1/2 = 10, 6 ³¨´; ¡) § -
¢¨¸¨³µ¸ÉÓ �
 4He µÉ τ1/2 ¨ Î¨¸²  ¶µ±µ²¥´¨° ´¥°É·¨´µ; ¶Ê´±É¨·µ³ ¤µ¶µ²´¨É¥²Ó´µ
´ ´¥¸¥´Ò ±·¨¢Ò¥ ¶·¨ τ1/2 = 10, 24 ³¨´ [5]

2) µ¡· §µ¢ ´¨¥ ²¥£Î °Ï¨Ì Ö¤¥·, ¢ µ¸´µ¢´µ³, ¢ ·¥ ±Í¨ÖÌ:

d+d → t+p, d+d → 3He+n, n+ 3He → t+p, t+d → 4He+n, (6a)

4He+3He → 7Be+γ → 7Li+e++ν+γ (T1/2 = 53, 3 ¸ÊÉ), 4He+t → 7Li+γ,
(6¡)

¶·¨Î¥³ ·¥ ±Í¨¨ Ö¤¥· 3,4�¥ ¸ § ·Ö¦¥´´Ò³¨ Î ¸É¨Í ³¨ (É¨¶  (6¡)) ¸¨²Ó´µ
¶µ¤ ¢²¥´Ò ¨§-§  ±Ê²µ´µ¢¸±µ£µ µÉÉ ²±¨¢ ´¨Ö. ‚ ¨Éµ£¥ ¶µÎÉ¨ ¢¸¥ ´¥°É·µ´Ò
µ± § ²¨¸Ó ¢ ¸µ¸É ¢¥ Ö¤¥· 4�¥, µ¡² ¤ ÕÐ¨Ì µ¸µ¡µ ¢Ò¸µ±µ° Ô´¥·£¨¥° ¸¢Ö§¨,
µÎ¥´Ó ³ ²µ µ¡· §µ¢ ²µ¸Ó ¤¥°É·µ´µ¢ ¨ Ö¤¥· 3�¥ (¢ ±µÉµ·Ò¥ · ¸¶ ²¨¸Ó Ö¤· 
É·¨É¨Ö), ¢µ ³´µ£µ · § ³¥´ÓÏ¥ Å Ö¤¥· 7Li (¢ ±µÉµ·Ò¥ · ¸¶ ²¨¸Ó Ö¤·  7‚¥)
¨ ´¨ÎÉµ¦´µ¥ ±µ²¨Î¥¸É¢µ ¡µ²¥¥ ÉÖ¦¥²ÒÌ Ö¤¥·. ’ ±µ° ·¥§Ê²ÓÉ É µ¡ÑÖ¸´Ö¥É¸Ö
µÉ¸ÊÉ¸É¢¨¥³ ¸¢Ö§ ´´ÒÌ ¸µ¸ÉµÖ´¨° ¸¨¸É¥³ ¨§ ¶ÖÉ¨ ¨ ¢µ¸Ó³¨ ´Ê±²µ´µ¢. ‚¸¥ ÔÉ¨
¶·µÍ¥¸¸Ò, ±·µ³¥ β-· ¸¶ ¤  ´¥°É·µ´ , É·¨É¨Ö ¨ 7‚¥, ¶· ±É¨Î¥¸±¨ § ¢¥·Ï¨-
²¨¸Ó §  ¶¥·¢Ò¥ ´¥¸±µ²Ó±µ ³¨´ÊÉ ¶µ¸²¥ q‚. �  ·¨¸. 2,  ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ
· ¸Î¥Éµ¢ �
 ²¥£±¨Ì ´Ê±²¨¤µ¢, µ¡· §ÊÕÐ¨Ì¸Ö ¸µ£² ¸´µ ¨§²µ¦¥´´µ³Ê ¢ÒÏ¥
¸Í¥´ ·¨Õ, ¢ § ¢¨¸¨³µ¸É¨ µÉ µÉ´µÏ¥´¨Ö η = NN/Nf ¢ ¶·¥¤¶µ²µ¦¥´¨¨, ÎÉµ
¶¥·¨µ¤ ¶µ²Ê· ¸¶ ¤  ´¥°É·µ´ ∗ τ1/2 = 10, 6 ³¨´.,   ·¨¸. 2,¡ ¨²²Õ¸É·¨·Ê¥É

∗�¥·¨µ¤ ¶µ²Ê· ¸¶ ¤  ´¥°É·µ´  x · ±É¥·¨§Ê¥É ¸±µ·µ¸ÉÓ ¶·µÍ¥¸¸µ¢ (6): Î¥³ ¡µ²ÓÏ¥ τ1/2,
É¥³ ÔÉ¨ ¶·µÍ¥¸¸Ò ³¥¤²¥´´¥¥ ¶·µÉ¥± ÕÉ, ¸µµÉ¢¥É¸É¢¥´´µ, É¥³ · ´ÓÏ¥ ¶·µ¨¸Ìµ¤¨É ®µÉ·Ò¢¯ ´¥°-
É·¨´µ µÉ ¶² §³Ò, É¥³ ¶·¨ ¡µ²¥¥ ¢Ò¸µ±µ° É¥³¶¥· ÉÊ·¥ § ³µ· ¦¨¢ ¥É¸Ö µÉ´µÏ¥´¨¥ Nn/Np ¨ É¥³
¡µ²ÓÏ¥ Yp. Š·µ³¥ Éµ£µ, Yp · ¸É¥É ¸ ·µ¸Éµ³ τ1/2 (´µ ¢ ³¥´ÓÏ¥° ¸É¥¶¥´¨) ¨§-§  ³¥´ÓÏ¥° ¤µ²¨

· ¸¶ ¢Ï¨Ì¸Ö ´¥°É·µ´µ¢.
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§ ¢¨¸¨³µ¸ÉÓ �
 4�¥ µÉ τ1/2 ¶·¨ · §²¨Î´ÒÌ ¶·¥¤¶µ²µ¦¥´¨ÖÌ µ Î¨¸²¥ ¶µ±µ-
²¥´¨° Nν ´¥°É·¨´µ. ‚¨¤´µ, ÎÉµ, ¢ µ¸´µ¢´µ³, ®Ô±¸¶¥·¨³¥´É ²Ó´Ò¥¯ µÍ¥´±¨
(2) ¶¥·¢µ´ Î ²Ó´µ° �
, ¶µ¤É¢¥·¦¤ ÕÉ É¥µ·¨Õ ¨, ¸µµÉ¢¥É¸É¢¥´´µ, ³µ£ÊÉ ¨¸-
¶µ²Ó§µ¢ ÉÓ¸Ö ¤²Ö ¶·µ¢¥·±¨ É¥µ·¥É¨Î¥¸±¨Ì ³µ¤¥²¥°∗. �¸µ¡µ ¸²¥¤Ê¥É µÉ³¥É¨ÉÓ
± ·¤¨´ ²Ó´µ¥ ¢²¨Ö´¨¥ É ±¨Ì Ì · ±É¥·¨¸É¨± ´¥°É·µ´ , ± ± mn (Ëµ·³Ê²  (4))
¨ τ1/2 (p¨¸. 2,¡) ´  �
 ¢¸¥Ì ²¥£±¨Ì ´Ê±²¨¤µ¢: ¥¸²¨ ¡Ò τ1/2 ¨/¨²¨ · §´¨Í 
mn − mp ¡Ò²¨ ´¥³´µ£µ ¨´Ò³¨, · §¢¨É¨¥ ‚¸¥²¥´´µ° ¶µÏ²µ ¡Ò ¸µ¢¸¥³ ¶µ
¤·Ê£µ³Ê ¸Í¥´ ·¨Õ.

�µ¸²¥ § ¢¥·Ï¥´¨Ö ¶·µÍ¥¸¸µ¢ (6) ¢¶²µÉÓ ¤µ ³µ³¥´É  trec ≈ 700000 ²¥É
´µ¢ÒÌ ¶·¥¢· Ð¥´¨° ‚¸¥²¥´´ Ö ´¥ ¨¸¶ÒÉÒ¢ ² . ‚ ¢¨¤¥ ¶² §³Ò ¨§ ËµÉµ´µ¢,
Ô²¥±É·µ´µ¢, ¶·µÉµ´µ¢ ¨ µ¡· §µ¢ ¢Ï¨Ì¸Ö Ö¤¥· µ´  ¶·µ¤µ²¦ ²  · ¸Ï¨·ÖÉÓ¸Ö
¨ µ¸ÉÒ¢ ÉÓ, ± ± ÔÉµ ¸²¥¤Ê¥É ¨§ Ëµ·³Ê² (3). �·¨ t = trec ¥¥ É¥³¶¥· ÉÊ· 
¸µ¸É ¢¨²  µ±µ²µ 3000 Š. �·¨ É ±µ° É¥³¶¥· ÉÊ·¥ ¨§²ÊÎ¥´¨¥ Ê¦¥ ´¥ ³µ£²µ
ÔËË¥±É¨¢´µ ¨µ´¨§¨·µ¢ ÉÓ  Éµ³Ò ¢µ¤µ·µ¤  ¨ £¥²¨Ö. �² §³  ¶·¥¢· É¨² ¸Ó ¢
¶·µ§· Î´Ò° £ § ´¥°É· ²Ó´ÒÌ  Éµ³µ¢ ¨ ®µÉµ·¢ ¢Ï¥¥¸Ö¯ µÉ ´¥£µ ¨§²ÊÎ¥´¨¥.

�¢µ²ÕÍ¨Ö ‚¸¥²¥´´µ° ¢ Ë §¥ ¶·¥µ¡² ¤ ´¨Ö ¢¥Ð¥¸É¢ . �·µÍ¥¸¸ ·¥±µ³-
¡¨´ Í¨¨ ¶² §³Ò ¢ ´¥°É· ²Ó´Ò¥  Éµ³Ò ¤²¨²¸Ö ¤µ¢µ²Ó´µ ±µ·µÉ±µ¥ ¢·¥³Ö Å
¶µ·Ö¤±  0, 1trec. ‚ ·¥§Ê²ÓÉ É¥ ¢ ¨¸Éµ·¨¨ ‚¸¥²¥´´µ° ´ ¸ÉÊ¶¨²  ¢Éµ· Ö Ë § 
Å Ë §  ¶·¥µ¡² ¤ ´¨Ö ¢¥Ð¥¸É¢ . ‚ É¥Î¥´¨¥ ÔÉµ° Ë §Ò ¸µµÉ´µÏ¥´¨Ö ³¥¦¤Ê
¢·¥³¥´¥³, É¥³¶¥· ÉÊ·µ°, ¶²µÉ´µ¸ÉÓÕ ³ É¥·¨¨∗∗, · ¤¨Ê¸µ³ ‚¸¥²¥´´µ° ¨ ¶µ-
¸ÉµÖ´´µ° • ¡¡²  ¶·¨´¨³ ÕÉ ¢¨¤ (¸·. (3)):

t− trec =
2
3H

− 2
3Hrec

=
2
3

√
3

8πG

(
1
√
ρ
− 1

√
ρrec

)
,

ρ = ρrec

(
Rrec

R

)3

, TR ≈ 3 · 1028 Š · ¸³. (7)

�·¨ ÔÉµ³ ¶µ¤ T ¸²¥¤Ê¥É ¶µ´¨³ ÉÓ É¥³¶¥· ÉÊ·Ê Ëµ´µ¢µ£µ (·¥²¨±Éµ¢µ£µ) ¨§²Ê-
Î¥´¨Ö. ‘ ´ ¸ÉÊ¶²¥´¨¥³ ÔÉµ° Ë §Ò ¢µ§´¨±²¨ Ê¸²µ¢¨Ö ¤²Ö µ¡· §µ¢ ´¨Ö £· ¢¨É -
Í¨µ´´µ ¸¢Ö§ ´´ÒÌ ¸¨¸É¥³: £ ² ±É¨± ¨ ¨Ì ¸±µ¶²¥´¨°, §¢¥§¤ ¨ É.¤. „¥²µ ¢ Éµ³,
ÎÉµ ¤²Ö ÔÉµ£µ ´¥µ¡Ìµ¤¨³µ: 1) ´ ²¨Î¨¥ ³ ²ÒÌ ´ Î ²Ó´ÒÌ ´¥µ¤´µ·µ¤´µ¸É¥°;
2) ¢Ò¶µ²´¥´¨¥ É ± ´ §Ò¢ ¥³µ£µ Ê¸²µ¢¨Ö „¦¨´¸ .

∗�·¨¢¥¤¥´´Ò¥ ¤ ´´Ò¥ É ±¦¥ ¤¥³µ´¸É·¨·ÊÕÉ ¢ ¦´µ¸ÉÓ ÊÉµÎ´¥´¨Ö µÍ¥´µ± ·µ²¨ ¶·µÍ¥¸¸µ¢,
±µÉµ·Ò¥ ³µ£²¨ ¨§³¥´¨ÉÓ ¶¥·¢µ´ Î ²Ó´Ò¥ �
 ¢ ¶µ¸²¥¤ÊÕÐ¥¥ ¢·¥³Ö. Š É ±¨³ ¶·µÍ¥¸¸ ³ µÉ´µ¸ÖÉ¸Ö
¸£µ· ´¨¥ ¨ ¸¨´É¥§ ÔÉ¨Ì ´Ê±²¨¤µ¢ ¢ §¢¥§¤ Ì ¨ ¶·¨ ¢§·Ò¢ Ì ´µ¢ÒÌ ¨, µ¸µ¡¥´´µ, ¸¢¥·Ì´µ¢ÒÌ,
µ¡· §µ¢ ´¨¥ ¨ · ¸Ð¥¶²¥´¨¥ ¨Ì ¶µ¤ ¤¥°¸É¢¨¥³ ±µ¸³¨Î¥¸±¨Ì ²ÊÎ¥° ¨ ¤·Ê£¨¥, ¶·¨Î¥³ ¶µ±  ¤ ²¥±µ
´¥ ¢¸¥ ¨§ ´¨Ì Ê¤ ²µ¸Ó ´ ¤¥¦´µ ¶·µ ´ ²¨§¨·µ¢ ÉÓ.

∗∗�·¨ ÔÉµ³ ¶·¥¤¶µ² £ ¥É¸Ö, ÎÉµ ¶²µÉ´µ¸ÉÓ ³ É¥·¨¨ ¢ ´ ¸ÉµÖÐ¨° ³µ³¥´É ¡²¨§±  ± ±·¨É¨-
Î¥¸±µ°. …¸²¨ µ´  ³´µ£µ ³¥´ÓÏ¥ ±·¨É¨Î¥¸±µ°, Éµ § ³¥¤²¥´¨¥ ¸±µ·µ¸É¨ · ¸Ï¨·¥´¨Ö ‚¸¥²¥´´µ°
§  ¸Î¥É £· ¢¨É Í¨¨ ´¥¸ÊÐ¥¸É¢¥´´µ ¨ t ≈ 1/H. ‚ ³¥´ÓÏ¥° ¸É¥¶¥´¨ ÔÉµ µÉ´µ¸¨É¸Ö ± ¶¥·¢µ° Ë §¥
· §¢¨É¨Ö ‚¸¥²¥´´µ°, ¶µ¸±µ²Ó±Ê ¸ Ê³¥´ÓÏ¥´¨¥³ t µÉ²¨Î¨¥ ¶²µÉ´µ¸É¨ ³ É¥·¨¨ µÉ ±·¨É¨Î¥¸±µ°
Ê¡Ò¢ ¥É.
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� Î ²Ó´Ò¥ ´¥µ¤´µ·µ¤´µ¸É¨ ´  Ê·µ¢´¥ ∼ 10−4 ¤¥°¸É¢¨É¥²Ó´µ µ¡· §µ¢ -
²¨¸Ó ´  ¸ ³ÒÌ · ´´¨Ì ¸É ¤¨ÖÌ Ô¢µ²ÕÍ¨¨ ‚¸¥²¥´´µ° ¨ ´¥ Ê¸¶¥²¨ ®¸É¥·¥ÉÓ¸Ö¯
§  ¸Î¥É ¢´ÊÉ·¥´´¥£µ É·¥´¨Ö ¢ ¶² §³¥ ¢ Ë §¥ ¶·¥µ¡² ¤ ´¨Ö ¨§²ÊÎ¥´¨Ö∗. Š ±
¶µ± § ² „¦¨´¸, Ëµ·³¨·µ¢ ´¨¥ ¨§ ³ ¸¸Ò M £ § , ´ Ìµ¤ÖÐ¥£µ¸Ö ¢´ÊÉ·¨ ¸Ë¥·Ò
· ¤¨Ê¸  R ¶·¨ ¤ ¢²¥´¨¨ p, £· ¢¨É Í¨µ´´µ ¸¢Ö§ ´´µ° ¸¨¸É¥³Ò ¢µ§³µ¦´µ, ¥¸²¨
¸µµÉ¢¥É¸É¢ÊÕÐ Ö ¶µÉ¥´Í¨ ²Ó´ Ö Ô´¥·£¨Ö ∼ −M2G/R ¶µ ³µ¤Ê²Õ § ³¥É´µ

¶·¥¢ÒÏ ¥É ¢´ÊÉ·¥´´ÕÕ Ô´¥·£¨Õ pR3, É.¥. GM2 � p (M/ρ)4/3 (ρ ∼ M/R3 Å
¶²µÉ´µ¸ÉÓ £ § ), ¨²¨ M � MJ , £¤¥ ³ ¸¸  „¦¨´¸ 

MJ ≈ (p/G)3/2
/ρ2 (8a)

(¢ ¸²ÊÎ ¥ £ § , ¡µ²¥¥ ÉµÎ´µ,

MJ = v3
s (π/G)

3/2
/
√
ρ, (8¡)

£¤¥ vs Å ¸±µ·µ¸ÉÓ §¢Ê±  ¢ £ §¥). „µ ·¥±µ³¡¨´ Í¨¨ ¤ ¢²¥´¨¥ ¸µ§¤ ¢ ²µ¸Ó ¨§-
²ÊÎ¥´¨¥³ ¨ ¡Ò²µ · ¢´µ p0 = c2ρ0/3 ≈ 0, 3 £/(¸³·c2). �Éµ ¤ ¥É MJ = M0

J ≈
1052 £ ≈ 5 · 1018M⊗ (M⊗ Å ³ ¸¸  ‘µ²´Í ), ÎÉµ ¸· ¢´¨³µ ¸ ³ ¸¸µ° ‚¸¥²¥´-
´µ°. �µ¸²¥ ·¥±µ³¡¨´ Í¨¨ ¨§²ÊÎ¥´¨¥ ´¥ ¢§ ¨³µ¤¥°¸É¢Ê¥É ¸ £ §µ³, ¨ ¤ ¢²¥´¨¥
£ §  ¶ ¤ ¥É ¢ η = Nf/NN ≈ 109 · §, É.¥. MJ ≈ 3 · 10−14 M0

J ≈ 1, 5 · 105 M⊗.
’ ±¨³ µ¡· §µ³, ¸· §Ê ¶µ¸²¥ ·¥±µ³¡¨´ Í¨¨ ¤¥°¸É¢¨É¥²Ó´µ ³µ£²¨ (¨ ¤µ²¦-

´Ò ¡Ò²¨) µ¡· §µ¢Ò¢ ÉÓ¸Ö ¸¨¸É¥³Ò, É ±¨¥, ± ± £ ² ±É¨±¨ ¨ ¨Ì ¸±µ¶²¥´¨Ö,
  ¢µ§³µ¦´µ, É ±¦¥ ¨ ¸¢¥·Ì³ ¸¸¨¢´Ò¥ ¶·µÉµ§¢¥§¤´Ò¥ µ¡· §µ¢ ´¨Ö. qÊ¤ÊÎ¨
£· ¢¨É Í¨µ´´µ ¸¢Ö§ ´´Ò³¨, µ´¨, ± ± ¶· ¢¨²µ, ´¥ ³µ£²¨ · §²¥É ÉÓ¸Ö ¢ ¶·µ-
Í¥¸¸¥ ¶µ¸²¥¤ÊÕÐ¥£µ · ¸Ï¨·¥´¨Ö ‚¸¥²¥´´µ°. �µ ³¥·¥ Ê¢¥²¨Î¥´¨Ö ¶²µÉ´µ¸É¨
§  ¸Î¥É £· ¢¨É Í¨µ´´µ£µ ¸¦ É¨Ö ÔÉ¨ ¸¨¸É¥³Ò ±µ´¤¥´¸¨·µ¢ ²¨¸Ó ¢ Ìµ²µ¤´Ò¥
£ §µ¶Ò²¥¢Ò¥ µ¡² ± , ±µÉµ·Ò¥, ¡² £µ¤ ·Ö ´ ²¨Î¨Õ ´¥¨§¡¥¦´ÒÌ ´¥µ¤´µ·µ¤-
´µ¸É¥° ¶²µÉ´µ¸É¨, É ±¨Ì, ± ± ¢µ²´Ò ¶²µÉ´µ¸É¨, ± ±µ¢Ò³¨ Ö¢²ÖÕÉ¸Ö ·Ê± ¢ 
¸¶¨· ²Ó´ÒÌ £ ² ±É¨±,   É ±¦¥ Ê¤ ·´ÒÌ ¢µ²´ µÉ ¢§·Ò¢µ¢ ´µ¢ÒÌ ¨, µ¸µ¡¥´´µ,
¸¢¥·Ì´µ¢ÒÌ, Ë· £³¥´É¨·µ¢ ²¨ ¢ ¸±µ¶²¥´¨Ö ¶·µÉµ§¢¥§¤,   É¥, ¢ ¸¢µÕ µÎ¥·¥¤Ó,
¢ ¶·µÉµ§¢¥§¤Ò. Œ ¸¸  ¶·µÉµ§¢¥§¤ µ¶·¥¤¥²Ö¥É¸Ö Ê¸²µ¢¨¥³ „¦¨´¸  (8¡), ÎÉµ
¶·¨ É¨¶¨Î´ÒÌ ¶ · ³¥É· Ì £ §µ¶Ò²¥¢ÒÌ µ¡² ±µ¢ ¢ ·Ê± ¢ Ì ´ Ï¥° ƒ ² ±É¨±¨:
vs ≈ 300 ³/¸ (T ∼ 10 K) ¨ ¶²µÉ´µ¸É¨ ρ ≈ 106 ¸³−3 ¤ ¥É MJ ∼ M⊗,   ¶·¨
ρ ≈ 105 ¸³−3 ¢ ´¥¸±µ²Ó±µ · § ¡µ²ÓÏÊÕ. ‚ ¶·µÉµ§¢¥§¤¥ £µ³µ²µ£¨Î¥¸±¨ · §-
¢¨¢ ²¸Ö £· ¢¨É Í¨µ´´Ò° ±µ²² ¶¸ (¢¸¥ ¸²µ¨ ¸¦¨³ ²¨¸Ó µ¤´µ¢·¥³¥´´µ), ´µ § 
¸Î¥É £· ¤¨¥´É  ¤ ¢²¥´¨Ö ¸´ Î ²  ¢µ§´¨± ²µ ¶²µÉ´µ¥ Ö¤·µ ¸ ³ ¸¸µ° ∼ 0, 01M⊗,
´  ±µÉµ·µ¥ ¶ ¤ ²¨ ¢´¥Ï´¨¥ ¸²µ¨ £ §  ¨ ¶Ò²¨ (¸É ¤¨Ö  ±±·¥Í¨¨ ¢¥Ð¥¸É¢  ´ 
Ö¤·µ), Ê¢¥²¨Î¨¢ Ö ¤ ¢²¥´¨¥. Ÿ¤·µ, ¡Ê¤ÊÎ¨ ¢ £¨¤·µ¸É É¨Î¥¸±µ³ · ¢´µ¢¥¸¨¨,
¸¦¨³ ²µ¸Ó ¨ ´ £·¥¢ ²µ¸Ó. …¸²¨ ³ ¸¸  ¶·µÉµ§¢¥§¤Ò ¡Ò²  ´¥ ¸²¨Ï±µ³ ³ ² 
(≥ 0, 1M⊗), ¢ ´¥° ®§ ¦¨£ ² ¸Ó¯ É¥·³µÖ¤¥·´ Ö ·¥ ±Í¨Ö Å µ´  ¶·¥¢· Ð ² ¸Ó ¢

∗�Éµ, ¢ Î ¸É´µ¸É¨, ¸²¥¤Ê¥É ¨§  ´¨§µÉ·µ¶¨¨ ´  ÔÉµ³ Ê·µ¢´¥ ·¥²¨±Éµ¢µ£µ ¨§²ÊÎ¥´¨Ö.
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¨¸. 3. „¨ £· ³³  ƒ¥·ÍÏ¶·Ê´£ Ä
¥¸¸¥²  ¤²Ö §¢¥§¤ ¸ ¨§¢¥¸É´Ò³¨ ¸¢¥É¨³µ¸ÉÖ³¨ ¨ ¸¶¥±-
É· ³¨. Š·¥¸É¨±µ³ µ¡µ§´ Î¥´µ ‘µ²´Í¥

§¢¥§¤Ê: ±· ¸´µ£µ ± ·²¨±  (¶·¨ M ≤ 0, 5M⊗), ±· ¸´µ£µ £¨£ ´É  (M ≤ 10M⊗)
¨²¨ ¸¢¥·Ì£¨£ ´É  (M > 10M⊗),   § É¥³ ¶¥·¥Ìµ¤¨²  ´  £² ¢´ÊÕ ¶µ¸²¥¤µ¢ -
É¥²Ó´µ¸ÉÓ (ƒ�) ¤¨ £· ³³Ò ƒ¥·ÍÏ¶·Ê´£ Ä
¥¸¸¥²² , ´  ±µÉµ·µ° ¢ ±µµ·¤¨´ É Ì
 ¡¸µ²ÕÉ´ Ö §¢¥§¤´ Ö ¢¥²¨Î¨´  (¸¢¥É¨³µ¸ÉÓ)Ä¸¶¥±É· ²Ó´Ò° ±² ¸¸ (ÔËË¥±É¨¢-
´ Ö É¥³¶¥· ÉÊ·  ¶µ¢¥·Ì´µ¸É¨ §¢¥§¤Ò) ÉµÎ± ³¨ ´ ´¥¸¥´Ò §¢¥§¤Ò (¸³. ·¨¸. 3).
�  ƒ� §¢¥§¤  ¶·µ¢µ¤¨É §´ Î¨É¥²Ó´ÊÕ Î ¸ÉÓ ¸¢µ¥° ¦¨§´¨ (¶µ±  ´¥ ¢Ò£µ·¨É
§´ Î¨É¥²Ó´ Ö ¤µ²Ö ¢µ¤µ·µ¤ ), ¨ ¸´µ¢  ¶¥·¥Ìµ¤¨É ¢ ¸É ¤¨Õ ±· ¸´ÒÌ £¨£ ´Éµ¢ ¨
¸¢¥·Ì£¨£ ´Éµ¢; ±· ¸´Ò¥ ± ·²¨±¨ §  ¢·¥³Ö ¸ÊÐ¥¸É¢µ¢ ´¨Ö £ ² ±É¨±¨ ´¥ ¤µ¦¨²¨
¤µ ÔÉµ° ¸É ¤¨¨, ¶µ¸±µ²Ó±Ê Î¥³ ³¥´ÓÏ¥ ³ ¸¸  §¢¥§¤Ò, É¥³ ³¥¤²¥´´¥¥ ¶·µÉ¥-
± ÕÉ ¢ ´¥° ¶·µÍ¥¸¸Ò. �  ÔÉµ° (¨ ¶µ¸²¥¤ÊÕÐ¨Ì) ¸É ¤¨¨ ¢ §¢¥§¤¥ ¨´É¥´¸¨¢´µ
¶·µ¨¸Ìµ¤ÖÉ · §²¨Î´Ò¥ Ö¤¥·´Ò¥ ·¥ ±Í¨¨, ¶·µ¤Ê±ÉÒ ±µÉµ·ÒÌ ¢ ·¥§Ê²ÓÉ É¥ ¨¸-
É¥Î¥´¨Ö ¢¥Ð¥¸É¢  (´¥¶·¥·Ò¢´µ£µ ¨²¨ ¢§·Ò¢´µ£µ: ´µ¢ÒÌ, ¸¢¥·Ì´µ¢ÒÌ ¨ É.¤.)
¶µ¸ÉÊ¶ ÕÉ ¢ ³¥¦§¢¥§¤´ÊÕ ¸·¥¤Ê. �É¨ ®µÉÌµ¤Ò ¦¨§´¥¤¥ÖÉ¥²Ó´µ¸É¨¯ §¢¥§¤ ±µ´-
¤¥´¸¨·ÊÕÉ¸Ö ¢ £ §µ¶Ò²¥¢Ò¥ µ¡² ±  ¨ ¢¸¥ ¶µ¢Éµ·Ö¥É¸Ö ¸´µ¢  (¶µ¤·µ¡´¥¥ ¸³.,
´ ¶·¨³¥·, ¢ [7]).
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Š ± ¸± § ´µ ¢ÒÏ¥, ¢ ´ Î ²¥ ¶·µÍ¥¸¸  É¥·³µÖ¤¥·´µ£µ £µ·¥´¨Ö §¢¥§¤  Ö¢²Ö-
¥É¸Ö ±· ¸´Ò³ ± ·²¨±µ³, ±· ¸´Ò³ £¨£ ´Éµ³ (Šƒ) ¨²¨ ±· ¸´Ò³ ¸¢¥·Ì£¨£ ´Éµ³
(Š‘). �  ÔÉµ° ¸É ¤¨¨ ¢ ¥¥ Ö¤·¥ £µ·¨É ¢µ¤µ·µ¤ ¸ µ¡· §µ¢ ´¨¥³ 4�¥ ¸µ£² ¸´µ
¸Ì¥³¥, ¶·¨¢¥¤¥´´µ° ´  ·¨¸. 4 [1] (Î¨¸²µ¢Ò¥ §´ Î¥´¨Ö ¤ ´Ò ¤²Ö ‘µ²´Í ). ‡¢¥§¤ 
¶µ¸É¥¶¥´´µ ´ £·¥¢ ¥É¸Ö, ¨ £µ·¥´¨¥ ¶¥·¥Ìµ¤¨É ¢ ¸É Í¨µ´ ·´Ò° ·¥¦¨³ ¶·¨
T ∼ 2 · 107 Š Å §¢¥§¤  ®¸ ¤¨É¸Ö¯ ´  ƒ� ¤¨ £· ³³Ò ƒ¥·ÍÏ¶·Ê´£ Ä
¥¸¸¥²² .
� · ³¥É·Ò §¢¥§¤ Å ³ ¸¸  M , ¸¢¥É¨³µ¸ÉÓ L, · ¤¨Ê¸ R ¨ ¢·¥³Ö ¦¨§´¨ ´  ƒ�


¨¸. 4. ‘Ì¥³  £µ·¥´¨Ö ¢µ¤µ·µ¤  ¸ µ¡· §µ¢ ´¨¥³ 4He:  ) pp-Í¨±², ¡) CNO-Í¨±²
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¨¸. 5. ”¨§¨Î¥¸±¨¥ Ì · ±É¥·¨¸É¨±¨ ¸²µ¥¢ ‘µ²´Í : ρ Å ¶²µÉ´µ¸ÉÓ, T Å É¥³¶¥· ÉÊ· ,
p Å ¤ ¢²¥´¨¥, n Å Î¨¸²µ Î ¸É¨Í ¢ 1 ¸³3. ’µ²Ð¨´  ËµÉµ¸Ë¥·Ò ¨ Ì·µ³µ¸Ë¥·Ò
¶·¥Ê¢¥²¨Î¥´ 

τ Å ¸¢Ö§ ´Ò ¸ ¸µ²´¥Î´Ò³¨ ¶ · ³¥É· ³¨ ¸µµÉ´µÏ¥´¨Ö³¨

L/L⊗ ≈ (M/M⊗)
4
, R/R⊗ ≈ (M/M⊗)

0,7
, τ ≈ 1010 (M⊗/M)3 ²¥É (9)

(L⊗ = 3.85 · 1026 ‚É, M⊗ = 1, 99 · 1030 ±£, R⊗ = 6, 96 · 108 ³). �É  ¸¢Ö§Ó
´¥ ¸É·µ£µ µ¤´µ§´ Î´ , ¨³¥¥É¸Ö · §¡·µ¸ ¢ ¶·¥¤¥² Ì ±1 §¢¥§¤´µ° ¢¥²¨Î¨´Ò,
µ¡Ê¸²µ¢²¥´´Ò°, ¢µ-¶¥·¢ÒÌ, É¥³, ÎÉµ Ë· £³¥´É £ §µ¶Ò²¥¢µ£µ µ¡² ± , ¨§ ±µÉµ-
·µ£µ µ¡· §Ê¥É¸Ö ¶·µÉµ§¢¥§¤ , ¶·¨ µ¤¨´ ±µ¢µ° ³ ¸¸¥ ³µ¦¥É ¨³¥ÉÓ · §²¨Î´Ò¥
¶µ²´Ò° Ê£²µ¢µ° ³µ³¥´É, ³ £´¨É´µ¥ ¶µ²¥ ¨ Ì¨³¨Î¥¸±¨° ¸µ¸É ¢, ¢ Î ¸É´µ¸É¨,
¶·¨³¥¸Ó ÉÖ¦¥²ÒÌ Ô²¥³¥´Éµ¢∗,  , ¢µ-¢Éµ·ÒÌ, É¥³, ÎÉµ ¢ ¶·µÍ¥¸¸¥ Ô¢µ²ÕÍ¨¨
§¢¥§¤ , µ¸É ¢ Ö¸Ó ´  ƒ�, ´¥¸±µ²Ó±µ ³¥´Ö¥É ¸¢µ¨ Ë¨§¨±µ-Ì¨³¨Î¥¸±¨¥ ¶ · ³¥-

∗„ ¦¥ ´¥¡µ²ÓÏ Ö ¶·¨³¥¸Ó Ê£²¥·µ¤  ¨ ¡µ²¥¥ ÉÖ¦¥²ÒÌ Ô²¥³¥´Éµ¢ ³µ¦¥É ¸¨²Ó´µ ¶µ¢²¨ÖÉÓ ´ 
¶¥·¥´µ¸ Ô´¥·£¨¨ ¨§²ÊÎ¥´¨Ö Î¥·¥§ Éµ²ÐÊ §¢¥§¤Ò ¶·¨ ¥¥ £µ·¥´¨¨. „¥²µ ¢ Éµ³, ÎÉµ ÔÉµÉ ¶·µÍ¥¸¸
´µ¸¨É µÎ¥´Ó ¤²¨É¥²Ó´Ò° ¤¨ËËÊ§¨µ´´Ò° Ì · ±É¥·, ¸µ¶·µ¢µ¦¤ ÕÐ¨°¸Ö ³´µ£µ±· É´Ò³¨ ¶¥·¥· ¸-
¸¥Ö´¨Ö³¨. � ¶·¨³¥·, ÔËË¥±É¨¢´µ¥ ¢·¥³Ö ¶·µÌµ¦¤¥´¨Ö ¨§²ÊÎ¥´¨Ö ¨§ Í¥´É·  ‘µ²´Í  ± ¥£µ ¶µ-
¢¥·Ì´µ¸É¨ ¶µ·Ö¤±  1 ³²´. ²¥É. �ËË¥±ÉÒ, ¸¢Ö§ ´´Ò¥ ¸ ¨µ´¨§ Í¨¥° ÉÖ¦¥²ÒÌ  Éµ³µ¢, ³µ£ÊÉ ¸¨²Ó´µ
§ ÉÖ´ÊÉÓ ¥£µ. ‚ ·¥§Ê²ÓÉ É¥ ¸ÊÐ¥¸É¢¥´´µ · ¸Ï¨·¨É¸Ö µ¡² ¸ÉÓ ±µ´¢¥±Í¨¨, ÎÉµ, ¢ ¸¢µÕ µÎ¥·¥¤Ó,
¨§³¥´¨É · ¸¶·¥¤¥²¥´¨¥ É¥³¶¥· ÉÊ·Ò ¨ Ì¨³¨Î¥¸±µ£µ ¸µ¸É ¢  ¶µ · ¤¨Ê¸Ê §¢¥§¤Ò.
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¨¸. 6. �´¥·£¥É¨±  ·¥ ±Í¨¨ 34He → 12C + γ, Ô´¥·£¨¨ ¤ ´Ò ¢ ŒÔ‚

É·Ò (¸µ¸É ¢, ¸É·Ê±ÉÊ·Ê, · ¸¶·¥¤¥²¥´¨¥ É¥³¶¥· ÉÊ·Ò ¨ É.¤.). �  ƒ� ¢ µ¡² ¸É¨
¦¥²ÉÒÌ ± ·²¨±µ¢ ´ Ìµ¤¨É¸Ö ¨ ‘µ²´Í¥ (µ¡µ§´ Î¥´µ ±·¥¸É¨±µ³ ´  ·¨¸. 3). …£µ
Ì · ±É¥·¨¸É¨±¨ ¶·¥¤¸É ¢²¥´Ò ´  p¨¸. 5 (Œ.�.‹¨¢Ï¨Í).

‚µ¤µ·µ¤ £µ·¨É ³¥¤²¥´´µ: ÎÉµ¡Ò µ´ ¢Ò£µ·¥² ¢ § ³¥É´µ³ ±µ²¨Î¥¸É¢¥, ´¥-
µ¡Ìµ¤¨³µ µÉ 106 ¤µ 1010 ²¥É. ‚ ·¥§Ê²ÓÉ É¥ ÔÉµ£µ ¶·µÍ¥¸¸  ¢ §¢¥§¤¥ µ¡· §Ê¥É¸Ö
£¥²¨¥¢µ¥ Ö¤·µ, ³ ¸¸  ¨ É¥³¶¥· ÉÊ·  ±µÉµ·µ£µ · ¸ÉÊÉ ¶µ ³¥·¥ ¶¥·¥¦¨£ ´¨Ö
¢µ¤µ·µ¤  ¢ 4He ¢ µ±·Ê¦ ÕÐ¥³ Ö¤·µ Éµ´±µ³ ¸²µ¥. �µ¢ÒÏ¥´¨¥ É¥³¶¥· ÉÊ·Ò
¶·¨¢µ¤¨É ± ·µ¸ÉÊ ¤ ¢²¥´¨Ö ¨§²ÊÎ¥´¨Ö ´  ¢´¥Ï´¨¥ µ¡µ²µÎ±¨ §¢¥§¤Ò, ±µÉµ·Ò¥
¶·¨ ÔÉµ³ · §¤Ê¢ ÕÉ¸Ö; §¢¥§¤  ¸´µ¢  ¸É ´µ¢¨É¸Ö Šƒ ¨²¨ Š‘ ¸µ ¸²¥¤ÊÕÐ¨³¨
Ì · ±É¥·¨¸É¨± ³¨:

Šƒ: M ∼ (1− 10)M⊗, R ∼ (1− 100)R⊗, L ∼ (1− 1000)L⊗;

ŠC: M ∼ (10− 100)M⊗, R ∼ (100− 1000)R⊗, L ∼
(
104 − 106

)
L⊗.

‚ Šƒ ¸´ Î ²  £µ·¨É ¢µ¤µ·µ¤ ¢ Éµ´±µ³ ¸²µ¥, µ±·Ê¦ ÕÐe³ £¥²¨¥¢µ¥ Ö¤·µ,
  § É¥³, ±µ£¤  É¥³¶¥· ÉÊ·  ÔÉµ£µ Ö¤·  ¤µ¸É¨£ ¥É ∼ 108 K, § £µ· ¥É¸Ö É ±¦¥
£¥²¨°. ‚ Š‘, ± ± ¶· ¢¨²µ, ¸· §Ê § £µ· ¥É¸Ö £¥²¨°. �´ £µ·¨É, µ¡· §ÊÖ Ê£²¥·µ¤
¶µ ·¥ ±Í¨¨∗ 34He → 12C+ γ, ±µÉµ· Ö ¨¤¥É ¨´É¥´¸¨¢´µ ¡² £µ¤ ·Ö ´ ²¨Î¨Õ Ê
12‘ ·¥§µ´ ´¸´µ£µ Ê·µ¢´Ö ¶·¨ 7,656 ŒÔB (¸³. p¨¸. 6). ˆ´É¥·¥¸´µ µÉ³¥É¨ÉÓ, ÎÉµ
ÔÉµÉ Ê·µ¢¥´Ó ¡Ò² É¥µ·¥É¨Î¥¸±¨ ¶·¥¤¸± § ´ ¸ ÉµÎ´µ¸ÉÓÕ ¤µ 1% ¤²Ö µ¡ÑÖ¸´¥-
´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ´  µ¸´µ¢¥ · ¸Î¥Éµ¢ ¶·µÍ¥¸¸  É¥·³µÖ¤¥·´µ£µ
£µ·¥´¨Ö §¢¥§¤. …¸²¨ ¡Ò ÔÉµÉ Ê·µ¢¥´Ó ¡Ò² ´  1% ¢ÒÏ¥ ¨²¨ ´¨¦¥, ‚¸¥²¥´´ Ö
¡Ò²  ¡Ò ¸µ¢¥·Ï¥´´µ ¤·Ê£µ°!

Šƒ £µ·ÖÉ ¢ É¥Î¥´¨¥ 106 − 108 ²¥É,   Š‘ Å ¸µÉ´¨ ÉÒ¸ÖÎ ²¥É. ‚ Šƒ ¸
M ¶µ·Ö¤±  ´¥¸±µ²Ó±¨Ì M⊗ ¨ ¢ Š‘ É¥³¶¥· ÉÊ·  ¢µ§· ¸É ¥É ´ ¸Éµ²Ó±µ, ÎÉµ

∗’µÎ´¥¥, ·¥ ±Í¨Ö ¨¤¥É ¢ ¤¢  ÔÉ ¶ : 24He → 8Be (· ¢´µ¢¥¸´µ¥ µÉ´µÏ¥´¨¥ (‚¥/�¥) ¶µ·Ö¤± 
10−9); § É¥³ 8Be + 4He → 12C + γ.
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´ Î¨´ ¥É £µ·¥ÉÓ Ê£²¥·µ¤ (·¥ ±Í¨Ö 12C + 4He → 16O + γ),   É ±¦¥ ¶·µ¤Ê±ÉÒ
CNO-Í¨±²  14N ¨ 16�, ¸¨´É¥§¨·ÊÖ 18F, 18O, 22Ne:

14N+ 4He → 18F + γ → 18O+ e− + ν̄, 16O+ 4He → 20Ne + γ. (10)

�¡· §ÊÕÐ¨°¸Ö ¶·¨ ÔÉµ³ ¢ § ³¥É´µ³ ±µ²¨Î¥¸É¢¥ (≈ 2% µÉ 14N ¶·¨
T ∼ 3 · 108) 18� ¸²Ê¦¨É ¨¸ÉµÎ´¨±µ³ ®³ ¸¸µ¢µ£µ ¶·µ¨§¢µ¤¸É¢ ¯ ¸¢µ¡µ¤´ÒÌ
´¥°É·µ´µ¢ ¤²Ö ¶µ¸²¥¤ÊÕÐ¨Ì ¶·µÍ¥¸¸µ¢ µ¡· §µ¢ ´¨Ö ¡µ²¥¥ ÉÖ¦¥²ÒÌ ´Ê±²¨¤µ¢


¨¸. 7. ‘Ì¥³  ¶¥·¥³¥Ï¨¢ ´¨Ö ¢¥Ð¥¸É¢  §¢¥§¤Ò ¶·¨ ¶µ¢Éµ·ÖÕÐ¨Ì¸Ö ¢¸¶ÒÏ± Ì £¥²¨¥¢µ°
µ¡µ²µÎ±¨ [1]; ´  ¢·¥§±¥ ¨§µ¡· ¦¥´ ¢ ·¨ ´É £µ·¥´¨Ö ¢µ¤µ·µ¤  ¨ £¥²¨Ö ¢ ¡²¨§±µ· ¸¶µ-
²µ¦¥´´ÒÌ ¸²µÖÌ; T6 = T/106
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(¸³. · §¤. 4) ¸µ£² ¸´µ ·¥ ±Í¨Ö³:

18O+ 4He → 21Ne + n,
18O+ 4He → 22Ne + γ, 22Ne + 4He → 25Mg + n,

22Ne + 4He → 26Mg + γ,
25Mg + 4He → 28Si + n,
26Mg + 4He → 29Si + n.

(11)

‡´ Î¨É¥²Ó´µ¥ ±µ²¨Î¥¸É¢µ ´¥°É·µ´µ¢ Ê¦¥ ¶·¨ T ∼ 108 ¤ ¥É É ±¦¥ ·¥ ±Í¨Ö

13C+ 4He → 16O+ n. (12)

�·¨ ¤ ²Ó´¥°Ï¥³ ¶µ¢ÒÏ¥´¨¨ É¥³¶¥· ÉÊ·Ò (¤µ ∼ 109 Š) ´ Î¨´ ÕÉ £µ·¥ÉÓ
Ê£²¥·µ¤ ¨ ±¨¸²µ·µ¤ (·¥ ±Í¨¨ 12C + 12C ¨ 16O + 16O), µ¡· §ÊÖ · §²¨Î´Ò¥
´Ê±²¨¤Ò ¸ 20 ≤ A ≤ 32. ‘ ÊÎ¥Éµ³ ·¥ ±Í¨° ¶µ¸²¥¤´¨Ì ¸ £¥²¨¥³ ³µ£ÊÉ µ¡· §µ-
¢ ÉÓ¸Ö ¶· ±É¨Î¥¸±¨ ¢¸¥ ´Ê±²¨¤Ò ¤µ A ∼ 35. �É¨ ¶·µÍ¥¸¸Ò ¶·µ¨¸Ìµ¤ÖÉ, ± ±
¶· ¢¨²µ, ±¢ §¨¸É Í¨µ´ ·´µ. �·¨ ÔÉµ³ Í¥´É· §¢¥§¤Ò § ¶µ²´Ö¥É Ö¤·µ, ¢µ±·Ê£
±µÉµ·µ£µ · ¸¶µ²µ¦¥´Ò µ¤¨´ ¨²¨ ¤¢  ¸²µÖ £µ·¥´¨Ö É¥Ì ¨²¨ ¨´ÒÌ ´Ê±²¨¤µ¢ ¨


¨¸. 8. Š·¨¢ Ö �
 (NSi = 106): Ê± § ´Ò µ¸´µ¢´Ò¥ ³¥Ì ´¨§³Ò ´Ê±²¥µ¸¨´É¥§ : � Å
¢§·Ò¢´µ¥ £µ·¥´¨¥ ‘, � ¨ Si, (◦) Å s-¶·µÍ¥¸¸, (+) Å r-¶·µÍ¥¸¸, ⊕ Å ¸· ¢´¨³Ò°
¢±² ¤ s- ¨ r-¶·µÍ¥¸¸µ¢, ✷ Å e-¶·µÍ¥¸¸: ´Ê±²¨¤Ò, µ¡· §ÊÕÐ¨¥¸Ö ¢ ¤·Ê£¨Ì ¶·µÍ¥¸¸ Ì,
µÉ³¥Î¥´Ò ÉµÎ± ³¨. ˜É·¨Ìµ¢µ° ²¨´¨¥° ¸µ¥¤¨´¥´Ò µ¡µ°¤¥´´Ò¥ Ö¤· ; ¨§µÉµ¶Ò µ¤´µ£µ
¨ Éµ£µ ¦¥ Ô²¥³¥´É  ¸µ¥¤¨´¥´Ò ¶·Ö³Ò³¨ ²¨´¨Ö³¨ [1]
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±µ´¢¥±Í¨µ´´Ò¥ ¸²µ¨, ¢ ±µÉµ·ÒÌ ¶¥·¥³¥Ï¨¢ ÕÉ¸Ö ¶·µ¤Ê±ÉÒ £µ·¥´¨Ö (·¨¸. 7).
‘²¥¤Ê¥É ¶µ¤Î¥·±´ÊÉÓ, ÎÉµ µÉ³¥Î¥´´µ¥ ¢ÒÏ¥ · §´µµ¡· §¨¥ ´ Î ²Ó´ÒÌ Ê¸²µ¢¨°
µ¡· §µ¢ ´¨Ö §¢¥§¤Ò ¸ÊÐ¥¸É¢¥´´µ ¸± §Ò¢ ¥É¸Ö ´  ¥¥ ¸¢µ°¸É¢ Ì ¨ ¶µ¸²¥ ÊÌµ¤ 
¸ ƒ�. �µÔÉµ³Ê £µ·¥´¨¥ Š‘ ¨ Šƒ ³µ¦¥É ¶·¨´¨³ ÉÓ · §´Ò¥ Ëµ·³Ò.

qµ²¥¥ ÉÖ¦¥²Ò¥ ´Ê±²¨¤Ò ¢¡²¨§¨ µ¡² ¸É¨ ¦¥²¥§´µ£µ ¶¨±  ³µ£ÊÉ µ¡· §µ¢Ò-
¢ ÉÓ¸Ö ¶·¨ É¥·³µÖ¤¥·´µ³ £µ·¥´¨¨ 28Si ¶·¨ T ≥ 3 · 109 Š ¢ Ëµ·³¥, ¡²¨§±µ°
± ¢§·Ò¢´µ³Ê É¨¶Ê, ¨²¨ ¤ ¦¥ ¢ ´µ¢ÒÌ ¨ ¸¢¥·Ì´µ¢ÒÌ, ´µ ¢ Ê¸²µ¢¨ÖÌ Ö¤¥·´µ£µ
¸É É¨¸É¨Î¥¸±µ£µ · ¢´µ¢¥¸¨Ö ¶·Ö³ÒÌ ¨ µ¡· É´ÒÌ ·¥ ±Í¨° Å É ± ´ §Ò¢ ¥³Ò°
e-¶·µÍ¥¸¸ (¸³. ·¨¸. 8). �·¨ ÔÉµ³ Ô²¥±É·µ´Ò  Éµ³µ¢, · ¸¶µ²µ¦¥´´ÒÌ ¢ Ö¤·¥
§¢¥§¤Ò, µÉ¤¥²ÖÕÉ¸Ö ¨ µ¡· §ÊÕÉ ¢Ò·µ¦¤¥´´Ò° £ § (®¢Ò·µ¦¤¥´´µ¥ Ö¤·µ §¢¥§-
¤Ò¯). �·¨ ¡µ²ÓÏ¨Ì ¶²µÉ´µ¸ÉÖÌ ÔÉµ£µ £ § , ±µÉµ·Ò¥ ¤µ¸É¨£ ÕÉ¸Ö ¢ ÉÖ¦¥²ÒÌ


¨¸. 9. ‡ ¢¨¸¨³µ¸ÉÓ �
 Ô²¥³¥´Éµ¢ ¢ ¶·¥¤¸¢¥·Ì´µ¢µ° (¢ ¤µ²ÖÌ ¶µ²´µ° ³ ¸¸Ò) µÉ ³ ¸¸Ò
¢´ÊÉ·¥´´¥° µ¡² ¸É¨, ¨§³¥´ÖÕÐ¥°¸Ö µÉ ´Ê²Ö ¢ Í¥´É·¥ §¢¥§¤Ò ¤µ 25 M⊗ Å ¶µ²´µ°
³ ¸¸Ò §¢¥§¤Ò:  ) §¢¥§¤  � ¸¥²¥´¨Ö I, ¡) §¢¥§¤  � ¸¥²¥´¨Ö II



1414 Š�‡�
��‚‘Šˆ‰ M.‚.

Šƒ ¨ Š‘, Ô´¥·£¨Ö Ô²¥±É·µ´µ¢ ³µ¦¥É ¡ÒÉÓ ¸Éµ²Ó ¡µ²ÓÏµ°, ÎÉµ ¶·µÉµ´ ³ ¢
 Éµ³´ÒÌ Ö¤· Ì ¸É ´¥É Ô´¥·£¥É¨Î¥¸±¨ ¢Ò£µ¤´µ § Ì¢ ÉÒ¢ ÉÓ Ô²¥±É·µ´Ò ¨ ¶·¥-
¢· Ð ÉÓ¸Ö ¢ ´¥°É·µ´Ò. �  ·¨¸. 9 ¶·¥¤¸É ¢²¥´ · ¸Î¥É �
 · §²¨Î´ÒÌ Ô²¥³¥´Éµ¢
¢ §¢¥§¤¥ ¸ M = 25M⊗ ¢ ¶·¥¤¢§·Ò¢´µ³ ¸µ¸ÉµÖ´¨¨ ¸ É ±¨³ ®´¥°É·µ´¨§µ¢ ´´Ò³
Ö¤·µ³¯ ¢ § ¢¨¸¨³µ¸É¨ µÉ ³ ¸¸Ò ¢´ÊÉ·¥´´¥° µ¡² ¸É¨. �µ¸²¥ ¢§·Ò¢  µ¸É Éµ±
§¢¥§¤Ò, ¶µ-¢¨¤¨³µ³Ê, ¶·¥¢· É¨É¸Ö ¢ ´¥°É·µ´´ÊÕ §¢¥§¤Ê. Ÿ¤·  ¸ A ≥ 70 ¢
·¥§Ê²ÓÉ É¥ É¥·³µÖ¤¥·´ÒÌ ·¥ ±Í¨° ´¥ µ¡· §ÊÕÉ¸Ö Å ¶·¨¸µ¥¤¨´¥´¨¥ 4�¥ ± É -
±¨³ Ö¤· ³, ± ± ¶· ¢¨²µ, Ô´¥·£¥É¨Î¥¸±¨ ´¥¢Ò£µ¤´µ,   ¥¸²¨ ¨ ¢Ò£µ¤´µ, Éµ µÎ¥´Ó
¸¨²Ó´µ ¶µ¤ ¢²¥´µ ±Ê²µ´µ¢¸±¨³ ¡ ·Ó¥·µ³. �Ê±²¥µ¸¨´É¥§Ê ÔÉ¨Ì Ö¤¥· ¶µ¸¢ÖÐ¥´
¸²¥¤ÊÕÐ¨° · §¤¥².

4. ‘ˆ�’…‡ ’Ÿ†…‹›• ˆ‡�’�5�‚ 5“’…Œ 5�‘‹…„�‚�’…‹œ��ƒ�
‡�•‚�’� �…‰’
���‚ Ÿ„
�Œˆ

�¡· §µ¢ ´¨¥ ´Ê±²¨¤µ¢ ¸ A ≥ 70 ¢ §¢¥§¤ Ì ¶·µ¨¸Ìµ¤¨É ¶ÊÉ¥³ ¶µ¸²¥¤µ¢ -
É¥²Ó´µ£µ § Ì¢ É  ´¥°É·µ´µ¢ Ö¤·µ³, ´ Î¨´ Ö ¸ ®§ ·µ¤ÒÏ¥¢µ£µ¯ (¢ µ¸´µ¢´µ³,
56Fe). �ÉµÉ ¶·µÍ¥¸¸ ³µ¦¥É ¶·µÉ¥± ÉÓ ± ± ¢ Ê¸²µ¢¨ÖÌ £¨¤·µ¸É É¨Î¥¸±µ£µ · ¢-
´µ¢¥¸¨Ö Å ³¥¤²¥´´o (s-¶·µÍ¥¸¸), É ± ¨ ¡Ò¸É·µ, ± ± ¶· ¢¨²µ, ¶·¨ ¢§·Ò¢¥
(r-¶·µÍ¥¸¸).

Œ¥¤²¥´´Ò° s-¶·µÍ¥¸¸ Ì · ±É¥·¨§Ê¥É¸Ö É¥³, ÎÉµ ³¥¦¤Ê ¤¢Ê³Ö ¶µ¸²¥¤µ-
¢ É¥²Ó´Ò³¨  ±É ³¨ § Ì¢ É  ´¥°É·µ´  Ö¤·µ³ ¶·µÌµ¤¨É ¤µ¸É ÉµÎ´µ ¡µ²ÓÏµ°
¶¥·¨µ¤ ¢·¥³¥´¨ (¤µ 103 ²¥É), É ± ÎÉµ ¶µÎÉ¨ ¢¸¥ µ¡· §ÊÕÐ¨¥¸Ö β- ±É¨¢´Ò¥
Ö¤·  Ê¸¶¥¢ ÕÉ · ¸¶ ¸ÉÓ¸Ö. ‚ ·¥§Ê²ÓÉ É¥, §  ·¥¤±¨³¨ ¨¸±²ÕÎ¥´¨Ö³¨, µ¡· -
§ÊÕÉ¸Ö Éµ²Ó±µ ´Ê±²¨¤Ò, · ¸¶µ²µ¦¥´´Ò¥ ¢ ²µ¦¡¨´¥ β-¸É ¡¨²Ó´µ¸É¨ ¸É·µ£µ
¢¤µ²Ó É ± ´ §Ò¢ ¥³µ° ®¤µ·µ¦±¨ s-¶·µÍ¥¸¸ ¯ (¸³. ·¨¸. 10). �É  ¤µ·µ¦±  § -
± ´Î¨¢ ¥É¸Ö ´  Bi (A = 209), ¶µ¸²¥ ±µÉµ·µ£µ µ¡· §ÊÕÉ¸Ö α- ±É¨¢´Ò¥ Ö¤· .
�  ¶·µÌµ¦¤¥´¨¥ ¤µ·µ¦±¨ ¸ § ¸¥²¥´¨¥³ ¢¸¥° ±·¨¢µ° �
 É·¥¡Ê¥É¸Ö ¢ ¸·¥¤´¥³
100 ´¥°É·µ´µ¢.


¨¸. 10. “Î ¸Éµ± ¤µ·µ¦±¨ ´¥· §¢¥É¢²¥´´µ£µ s-¶·µÍ¥¸¸ 
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Œ¥¤²¥´´Ò° s-¶·µÍ¥¸¸ ¶·µÉ¥± ¥É ¶·¨ T ∼ 108 − 3 · 108 Š, ¶²µÉ´µ¸É¨ ¶µ-
Éµ±  ´¥°É·µ´µ¢ ∼ 1015 − 1016 ¸³−2 · c−1 ¨ ´ ²¨Î¨¨ ¤µ¸É ÉµÎ´µ£µ ±µ²¨Î¥¸É¢ 
§ ·µ¤ÒÏ¥¢ÒÌ ´Ê±²¨¤µ¢. ’ ±¨¥ Ê¸²µ¢¨Ö ³µ£ÊÉ ·¥ ²¨§µ¢ ÉÓ¸Ö ¢ Šƒ ¸ ³ ¸¸µ° ¶µ-
·Ö¤±  ´¥¸±µ²Ó±¨Ì M⊗, ´ ¶·¨³¥·, ¢ µ¡² ¸É¨ ¸³¥Ï¨¢ ´¨Ö £µ·¥´¨Ö � ¨ �¥ (¸³.
¢·¥§±Ê ´  p¨¸. 7), ¢ ¶·¥¤¶µ²µ¦¥´¨¨, ÎÉµ ¢¸¥ β- ±É¨¢´Ò¥ Ö¤·  Ê¸¶¥¢ ÕÉ · ¸-
¶ ¸ÉÓ¸Ö, É.¥. ¶·¨ µ¤´µ³ § ·µ¤ÒÏ¥¢µ³ ´Ê±²¨¤¥ ³µ¦¥É µ¡· §µ¢Ò¢ ÉÓ¸Ö Éµ²Ó±µ
µ¤¨´ ´Ê±²¨¤ ¸ § ¤ ´´Ò³ A, ¶·¨Î¥³ Î¨¸²µ NA (t) ¥£µ Ö¤¥· ¢ ³µ³¥´É ¢·¥³¥´¨
t Ê¤µ¢²¥É¢µ·Ö¥É Ê· ¢´¥´¨Õ

dNA (t)
dt

= 〈vσ〉T,A−1 n (t)NA−1 (t)− 〈vσ〉T,A n (t)NA (t) , (13)

£¤¥ n (t) Å ¶²µÉ´µ¸ÉÓ ´¥°É·µ´µ¢,   〈vσ〉T,A Å Ê¸·¥¤´¥´´µ¥ ¶µ ³ ±¸¢¥²²µ¢-
¸±¨³ · ¸¶·¥¤¥²¥´¨Ö³ ¶·¨ É¥³¶¥· ÉÊ·¥ T ´¥°É·µ´µ¢ ¨ Ö¤¥· ´Ê±²¨¤  A ¶·µ¨§-
¢¥¤¥´¨¥ ¨Ì µÉ´µ¸¨É¥²Ó´µ° ¸±µ·µ¸É¨ ´  ¸¥Î¥´¨¥ § Ì¢ É  ´¥°É·µ´ . �É¸Õ¤ , ¢
Î ¸É´µ¸É¨, ¸²¥¤Ê¥É, ÎÉµ ¶·¨ Ê¸É ´µ¢¨¢Ï¥³¸Ö ·¥¦¨³¥, ±µ£¤  ³µ¦´µ ¶·¥´¥¡·¥ÎÓ
§ ¢¨¸¨³µ¸ÉÓÕ NA ¨ n µÉ t, ¨³¥¥É ³¥¸Éµ ¸µµÉ´µÏ¥´¨¥

RT (A− 1, A) ≡
NA−1 〈vσ〉T,A−1

NA 〈vσ〉T,A

= 1. (14)

�·¨¡²¨¦¥´´µ µ´µ ¤µ²¦´µ ¢Ò¶µ²´ÖÉÓ¸Ö ¤²Ö ¡²¨§±¨Ì ¶µ ³ ¸¸¥ ´Ê±²¨¤µ¢ ¶·¨
·¥ ²Ó´µ° ¢·¥³¥´´µ° § ¢¨¸¨³µ¸É¨ s-¶·µÍ¥¸¸ . �Éµ ¤¥°¸É¢¨É¥²Ó´µ ¨³¥¥É ³¥-
¸Éµ ¤²Ö ¸É ¡¨²Ó´ÒÌ ¨§µÉµ¶µ¢ µ²µ¢  ¨ ¸ ³ ·¨Ö, ±µÉµ·Ò¥, ± ± ¸Î¨É ¥É¸Ö, ¢
µ¸´µ¢´µ³ µ¡· §ÊÕÉ¸Ö ¢ s-¶·µÍ¥¸¸¥ (¶·¨Î¥³ ¢ ÔÉ¨Ì ¸²ÊÎ ÖÌ R ¸² ¡µ § ¢¨¸¨É
µÉ t):

R(148Sm,150 Sm) = 0, 98± 0, 06,
R(116Sn,118 Sn) = 0, 8± 0, 2,
R(120Sn,118 Sn) = 0, 9± 0, 3.

(15)

“· ¢´¥´¨¥ (13) µ¡ÒÎ´µ · ¸¸³ É·¨¢ ¥É¸Ö ¢ ¥¸É¥¸É¢¥´´µ³ ¶·¥¤¶µ²µ¦¥´¨¨, ÎÉµ
É¥³¶¥· ÉÊ·  ¶µ¸ÉµÖ´´ ,   § ·µ¤ÒÏ¥¢Ò° ´Ê±²¨¤ §  ¢·¥³Ö s-¶·µÍ¥¸¸  ´¥ µ¡· -
§Ê¥É¸Ö. ‚ ÔÉµ³ ¸²ÊÎ ¥, ¢¢µ¤Ö ´µ¢Ò¥ ¶¥·¥³¥´´Ò¥:

τ = vT

t∫
0

dt′(t′), σk = 〈vσ〉T,k+55 /vT ,

ψk (τ) = σk+55Nk+55 (t) /N56 (0) , k = A− 55,
(16)

£¤¥ vT =
√
2kBT/m Å ´ ¨¡µ²¥¥ ¢¥·µÖÉ´ Ö ¸±µ·µ¸ÉÓ ³ ±¸¢¥²²µ¢¸±¨Ì ´¥°-

É·µ´µ¢,   § ·µ¤ÒÏ¥¢Ò° ´Ê±²¨¤ Å 56Fe, ¶µ²ÊÎ ¥³ ¸¨¸É¥³Ê Ê· ¢´¥´¨°

dψ1

dτ
= −σ1ψ1 (17a)

dψk

dτ
= σk [ψk−1 (τ) − ψk (τ)] , 2 ≤ k ≤ 154, (17¡)
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¨¸. 11. ƒ· Ë¨±¨ ËÊ´±Í¨° ψk:  ) µ¡² ¸ÉÓ 0, 01 ≤ τ/³¡ ≤ 2, ¡) µ¡² ¸ÉÓ ³ ²ÒÌ
τ/³¡ [8]

¶·¨ ´ Î ²Ó´µ³ Ê¸²µ¢¨¨ ψk (0) = σ1δ1k. …¥ ·¥Ï¥´¨¥ ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢
¢¨¤¥

ψk (τ) =
k∑

i=1

cik exp (−σiτ ) , cik = σi

∏
j=1,j �=k

σj

σj − σk
. (18)

�  ·¨¸. 11 ¶·¥¤¸É ¢²¥´Ò £· Ë¨±¨ ψk ± ± ËÊ´±Í¨° τ ; · ¸Î¥É ¤²Ö T ∼ 3 ·108 Š
¸ µÍ¥´¥´´Ò³¨ ¤ ´´Ò³¨ µ ¸¥Î¥´¨ÖÌ [8]. „²Ö ¸· ¢´¥´¨Ö ÔÉ¨Ì ·¥§Ê²ÓÉ Éµ¢ ¸ ¤ ´-
´Ò³¨ µ �
 σkN

exp
k+55 ´¥µ¡Ìµ¤¨³µ §´ ÉÓ § ¢¨¸¨³µ¸ÉÓ µÉ ¢·¥³¥´¨ ´¥°É·µ´´µ°

Ô±¸¶µ§¨Í¨¨ n (t).
�¡ÒÎ´µ ¶·¥¤¶µ² £ ¥É¸Ö, ÎÉµ ÔÉ  § ¢¨¸¨³µ¸ÉÓ Ô±¸¶µ´¥´Í¨ ²Ó´ Ö:

σkN
theor
k+55 =

∞∫
0

dτψk (τ) ρ (τ), ρ (τ) = G exp (−τ/τ0) , (19)

£¤¥ G ¨ τ0 Å ¶µ¤£µ´µÎ´Ò¥ ±µ´¸É ´ÉÒ. 
¥§Ê²ÓÉ É É ±µ£µ ¶µ¤Ìµ¤  ¶·¨¢¥¤¥´
´  ·¨¸. 12. ‚¨¤´µ, ÎÉµ, ¶µ³¨³µ µ¡² ¸É¨ A ≈ 60− 70 (¢ ±µÉµ·µ°, ± ± ¸²¥¤Ê¥É
¨§ ·¨¸. 8, § ³¥É´ÊÕ ·µ²Ó ¨£· ¥É e-¶·µÍ¥¸¸), µ¤´µ° £² ¤±µ° ³µ´µÉµ´´µ° ±·¨-
¢µ° (19) Ê¤ ¥É¸Ö Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ µ¶¨¸ ÉÓ µÉ²¨Î ÕÐ¨¥¸Ö ´  ¶µ·Ö¤±¨ �

¶µÎÉ¨ 50 ´Ê±²¨¤µ¢, ¤²Ö ±µÉµ·ÒÌ, ± ± ¶·¥¤¶µ² £ ¥É¸Ö, µ¸´µ¢´Ò³ ¨¸ÉµÎ´¨±µ³
Ö¢²Ö¥É¸Ö s-¶·µÍ¥¸¸. ‚ · ³± Ì ´¥±µÉµ·ÒÌ ³µ¤¥²¥° (¸³. ´¨¦¥) É¥µ·¨Ö ¶·¥¤-
¸± §Ò¢ ¥É, ÎÉµ ρ(τ) Ö¢²Ö¥É¸Ö ¸Ê³³µ° ¤¢ÊÌ Ô±¸¶µ´¥´É; ÔÉµ ¶·¨¢µ¤¨É ± ¥Ð¥
²ÊÎÏ¥³Ê ¸µ£² ¸¨Õ ¸ Ô±¸¶¥·¨³¥´Éµ³.
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¨¸. 12. �±¸¶¥·¨³¥´É ²Ó´ Ö ±·¨¢ Ö σNs = f(A) ¤²Ö Ô²¥³¥´Éµ¢ ‘µ²´¥Î´µ° ¸¨¸É¥³Ò.
‘É·¥²±µ° Ê± § ´Ò Î ¸É¨Î´µ µ¡µ°¤¥´´Ò¥ Ö¤·  ¨§-§  · §¢¥É¢²¥´¨Ö s-¶·µÍ¥¸¸ 

�¸µ¡µ£µ ¢´¨³ ´¨Ö § ¸²Ê¦¨¢ ÕÉ ´¥¸±µ²Ó±µ µ¡² ¸É¥° ´  A,Z-¶²µ¸±µ¸É¨,
¢ ±µÉµ·ÒÌ ¨§-§  ¡µ²ÓÏµ£µ ¢·¥³¥´¨ ¦¨§´¨ β- ±É¨¢´ÒÌ ¨§µÉµ¶µ¢ ¢µ§³µ¦´µ
· §¢¥É¢²¥´¨¥ s-¶·µÍ¥¸¸  É¨¶  ¶·¥¤¸É ¢²¥´´µ£µ ´  ·¨¸. 13. “Î¥É ·µ²¨ É -
±¨Ì µ¡² ¸É¥°,   É ±¦¥ ¢±² ¤  µÉ µ¡· §µ¢ ´¨Ö ¤µ²£µ¦¨¢ÊÐ¨Ì ¨§µ³¥·´ÒÌ ¸µ-
¸ÉµÖ´¨° ¢ ¦¥´, ¶µ¸±µ²Ó±Ê ÔÉ¨ ÔËË¥±ÉÒ ³µ£ÊÉ § ³¥É´µ ¨§³¥´¨ÉÓ É¥µ·¥É¨-
Î¥¸±¨¥ §´ Î¥´¨Ö �
, ¶·¨Î¥³ ÔÉµ ¨§³¥´¥´¨¥ § ¢¨¸¨É µÉ ¸±µ·µ¸É¨ · §¢¨É¨Ö
s-¶·µÍ¥¸¸  ¢ ·¥ ²Ó´µ³ ¢·¥³¥´¨. ’ ±¨³ µ¡· §µ³, s-¶·µÍ¥¸¸ ¶·¥¤¸É ¢²Ö¥É¸Ö
¤µ¢µ²Ó´µ µ¡µ¸´µ¢ ´´Ò³∗, ¨, ¡µ²¥¥ Éµ£µ, ¸· ¢´¥´¨¥ ¤ ´´ÒÌ µ �
 ¸ · ¸Î¥É-
´Ò³¨ ¢ · ³± Ì ³µ¤¥²¥° §¢¥§¤ ³µ¦¥É ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´µ ¤²Ö ¨Ì ¶·µ¢¥·±¨. ‚
¸¢Ö§¨ ¸ ÔÉ¨³ ¶·¥¤¸É ¢²Ö¥É ¨´É¥·¥¸ ³µ¤¥²Ó ¨³¶Ê²Óc´µ£µ s-¶·µÍ¥¸¸ , ¸µ£² ¸´µ
±µÉµ·µ° µ¤¨´ · § ¢ ´¥¸±µ²Ó±µ ÉÒ¸ÖÎ ²¥É ¢ ·¥§Ê²ÓÉ É¥ ®¢¸É·Ö¸±¨¯ §¢¥§¤Ò ¢
Ê§±µ³ ¸²µ¥ (∼ 10−7M ; ¸³. ·¨¸. 7) ¨¸Ìµ¤´Ò¥ ¶·µ¤Ê±ÉÒ ¸³¥Ï¨¢ ÕÉ¸Ö. ‘ ³
¶·µÍ¥¸¸ ¨¤¥É ¶µ·Ö¤±  10 ²¥É (¢Éµ· Ö Ô±¸¶µ´¥´É ), ¢ É¥Î¥´¨¥ ±µÉµ·ÒÌ µ¸´µ¢-
´ Ö ¤µ²Ö ¶·µ¤Ê±Éµ¢ ¨¸Î¥·¶Ò¢ ¥É¸Ö. ‡ É¥³ ´ ± ¶²¨¢ ÕÉ¸Ö ´µ¢Ò¥ ¶·µ¤Ê±ÉÒ,
¨ ¢¸¥ ¶µ¢Éµ·Ö¥É¸Ö. �·¨ ÔÉµ³ ³¥¦¤Ê ¨³¶Ê²Ó¸ ³¨ ¶·µ¨¸Ìµ¤¨É ¶¥·¥Ìµ¤ Î ¸É¨

∗‚ ¦´Ò³  ·£Ê³¥´Éµ³ ¢ ¶µ²Ó§Ê ¸ÊÐ¥¸É¢µ¢ ´¨Ö s-¶·µÍ¥¸¸  Ö¢²Ö¥É¸Ö É ±¦¥ µ¡´ ·Ê¦¥´¨¥ ¢
¸¶¥±É· Ì §¢¥§¤ ²¨´¨° É¥Ì´¥Í¨Ö.
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¨¸. 13. „µ·µ¦±  · §¢¥É¢²¥´´µ£µ s-¶·µÍ¥¸¸  Î¥·¥§ ¨§µÉµ¶Ò Kr, Rb, Sr, Y, Zr, ÏÉ·¨Ìµ-
¢Ò¥ ²¨´¨¨ Å ¢µ§³µ¦´Ò¥ µÉ¢¥É¢²¥´¨Ö µÉ µ¸´µ¢´µ£µ ¶ÊÉ¨ ¶·µÍ¥¸¸ . „²Ö · ¤¨µ ±É¨¢´ÒÌ
Ö¤¥· ¶·¨¢¥¤¥´Ò ¶¥·¨µ¤Ò ¶µ²Ê· ¸¶ ¤ , ¤²Ö ¸É ¡¨²Ó´ÒÌ (¢ ¸±µ¡± Ì) Å ¸¥Î¥´¨Ö § Ì¢ É 
´¥°É·µ´µ¢ ¢ ³¡

¸£µ·¥¢Ï¥£µ ³ É¥·¨ ²  ¢ Ö¤·µ §¢¥§¤Ò, ¨ ¸²µ° ¸³¥Ð ¥É¸Ö ¢¢¥·Ì (¸³. ·¨¸ 14), ÎÉµ
¶·¨¢µ¤¨É ± ¶·¨¡²¨§¨É¥²Ó´µ Ô±¸¶µ´¥´Í¨ ²Ó´µ° Ô±¸¶µ§¨Í¨¨. �  ·¨¸. 15 ¶·¥¤-
¸É ¢²¥´ ·¥§Ê²ÓÉ É ¸· ¢´¥´¨Ö · ¸Î¥Éµ¢ § ¢¨¸¨³µ¸É¨ µÉ A ¶·µ¨§¢¥¤¥´¨Ö σNA

¸ Ô±¸¶¥·¨³¥´Éµ³ ¤²Ö ‘µ²´¥Î´µ° ¸¨¸É¥³Ò ¶·¨ · §´ÒÌ ¶·¥¤¶µ²µ¦¥´¨ÖÌ µ ¤¥-
É ²ÖÌ ³¥Ì ´¨§³  É ±µ£µ s-¶·µÍ¥¸¸ . ‚¨¤´µ, ÎÉµ É ±µ° ¶µ¤Ìµ¤ ³µ¦¥É ¸É ÉÓ
ÔËË¥±¨¢´Ò³ ³¥Éµ¤µ³ ¶·µ¢¥·±¨ ³µ¤¥²¥° §¢¥§¤, ¶·¨Î¥³ µ´ É¥³ ÉµÎ´¥¥, Î¥³
´ ¤¥¦´¥¥ ¤ ´´Ò¥ µ σ ¨ NA (¶µ¤·µ¡´¥¥ ¸³. µ¡§µ·Ò [9,10]).

•µÉÖ § ±µ´µ³¥·´µ¸É¨ s-¶·µÍ¥¸¸  ¨ ¥£µ  ¸É·µË¨§¨Î¥¸±µ¥ ³¥¸Éµ, ¢ µ¸´µ¢-
´µ³, ¢ÒÖ¸´¥´Ò, ¥Ð¥ ¤ ²¥±µ ´¥ ¢¸¥ ¢µ¶·µ¸Ò · §·¥Ï¥´Ò ¤ ¦¥ ¢ µÉ´µÏ¥´¨¨ ¸¨-
¸É¥³Ò Ê· ¢´¥´¨° (13), ¶µ¸±µ²Ó±Ê ¢Ìµ¤ÖÐ¨¥ ¢ ´¥¥ µ¸´µ¢´Ò¥ ®¢´¥Ï´¨¥¯ ¶ · -
³¥É·Ò Å ¢¥²¨Î¨´Ò 〈vσ〉T,A Å ¶·¨ · §´ÒÌ É¥³¶¥· ÉÊ· Ì ´¥¤µ¸É ÉµÎ´µ ¶µ²´Ò
¨ ÉµÎ´Ò. � É ± ± ± ÔÉµÉ ¶·µÍ¥¸¸ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° Í¥¶µÎ±Ê ¶µ¸²¥¤µ¢ É¥²Ó-
´ÒÌ § Ì¢ Éµ¢ ´¥°É·µ´µ¢, ¸ ·µ¸Éµ³ A ¶µ£·¥Ï´µ¸ÉÓ · ¸Î¥É  ´ ± ¶²¨¢ ¥É¸Ö. ‚
Î ¸É´µ¸É¨, §´ Î¨É¥²Ó´ÊÕ ´¥µ¶·¥¤¥²¥´´µ¸ÉÓ ¢´µ¸¨É µÉ¸ÊÉ¸É¢¨¥ ´ ¤¥¦´ÒÌ ¤ ´-
´ÒÌ µ ¸¥Î¥´¨ÖÌ § Ì¢ É  ´¥°É·µ´µ¢ ¨§µÉµ¶ ³¨: 36S, 46,48Ca, 50Ti, 84,86Kr. ‚ Éµ
¦¥ ¢·¥³Ö, µÎ¥¢¨¤´µ, ÎÉµ ¤²Ö ¶·µ¢¥·±¨ ³µ¤¥²¥° §¢¥§¤ ¶ÊÉ¥³ ¸· ¢´¥´¨Ö ·¥§Ê²Ó-
É Éµ¢ · ¸Î¥É  s-¶·µÍ¥¸¸  ¸ ®Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨¯ ¤ ´´Ò³¨ (´ ¶·¨³¥·, ¸¶¥±-
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¨¸. 14. ‡ ¢¨¸¨³µ¸ÉÓ µÉ ³ ¸¸Ò ¢´ÊÉ·¥´´¥° µ¡² ¸É¨ (¢ ¤µ²ÖÌM⊗) ¶µ²µ¦¥´¨Ö ¨ · §³¥· 
§µ´Ò ¸³¥Ï¨¢ ´¨Ö ¨ £µ·¥´¨Ö ¨ ±µ´¢¥±É¨¢´µ° §µ´Ò ¤²Ö 15-° ¨ 16-° ¢¸¶ÒÏ¥± §¢¥§¤Ò ¸
M = 7Ms

É· ²Ó´Ò³¨ Ì · ±É¥·¨¸É¨± ³¨ §¢¥§¤Ò) ÔÉ¨ ´¥µ¶·¥¤¥²¥´´µ¸É¨ § ¢¥¤µ³µ ¤µ²¦´Ò
¡ÒÉÓ Ê¸É· ´¥´Ò. �µÔÉµ³Ê  ±ÉÊ ²Ó´µ° ¶·µ¡²¥³µ° Ö¢²Ö¥É¸Ö ÊÉµÎ´¥´¨¥ Ô±¸¶¥-
·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ µ ¢¥²¨Î¨´ Ì 〈vσ〉T,A, µ¸µ¡¥´´µ ¶·¨ T = 10 − 20 ±Ô‚,
£¤¥ ¶µ±  ´¥ Ê¤ ¥É¸Ö ¨Ì ¨§³¥·¨ÉÓ ´¥¶µ¸·¥¤¸É¢¥´´µ (¸³. ¸²¥¤ÊÕÐ¨° · §¤¥²).

9Ò¸É·Ò° r-¶·µÍ¥¸¸ Ì · ±É¥·¥´ É¥³, ÎÉµ ¢·¥³Ö ³¥¦¤Ê ¤¢Ê³Ö ¶µ¸²¥¤µ-
¢ É¥²Ó´Ò³¨  ±É ³¨ § Ì¢ É  ´¥°É·µ´  Ö¤·µ³ ¸Éµ²Ó ³ ²µ (¶µ·Ö¤±  10−2 ¸),
ÎÉµ ¤ ¦¥ ´¥±µÉµ·Ò¥ ±µ·µÉ±µ¦¨¢ÊÐ¨¥ · ¤¨µ ±É¨¢´Ò¥ ¨/¨²¨ ¢µ§¡Ê¦¤¥´´Ò¥
Ö¤·  § Ì¢ ÉÒ¢ ÕÉ ´¥°É·µ´, ´¥ Ê¸¶¥¢ · ¸¶ ¸ÉÓ¸Ö. �µ¸±µ²Ó±Ê ¶·¨ ÔÉµ³ ¶·µ-
Í¥¸¸¥ § ·µ¤ÒÏ¥¢Ò³¨ ³µ£ÊÉ ¡ÒÉÓ ²Õ¡Ò¥ Ö¤· , µ¡· §µ¢ ´´Ò¥ ¢ s-¶·µÍ¥¸¸¥, ¥£µ
·¥§Ê²ÓÉ Éµ³ ³µ£ÊÉ ¸É ÉÓ · §²¨Î´Ò¥ ´¥°É·µ´µ¨§¡ÒÉµÎ´Ò¥ ¨§µÉµ¶Ò, ¢±²ÕÎ Ö
É· ´¸ ±É¨´¨¤Ò, § ¶µ²´ÖÕÐ¨¥ Í¥²ÊÕ ¶µ²µ¸Ê ´  ¶²µ¸±µ¸É¨ A − Z. „²Ö ¥£µ
·¥ ²¨§ Í¨¨ ´¥µ¡Ìµ¤¨³Ò É¥³¶¥· ÉÊ·  T > 109 Š ¨ ¶²µÉ´µ¸ÉÓ ¶µÉµ±  ´¥°É·µ-
´µ¢ 1027 − 1033 ¸³−2 · c−1. �·¨ É ±¨Ì Ê¸²µ¢¨ÖÌ, ¶µ-¢¨¤¨³µ³Ê, ¨³¥¥É ³¥¸Éµ
· ¢´µ¢¥¸¨¥ ·¥ ±Í¨°: (n, γ) ↔ (γ, n). ’¨¶¨Î´Ò° ¶·¨³¥· ¶µ²µ¸Ò r-¶·µÍ¥¸¸ 
¶·¥¤¸É ¢²¥´ ´  ·¨¸. 16 ¤²Ö ¸²ÊÎ Ö T = 1010 Š, ¶²µÉ´µ¸É¨ ´¥°É·µ´µ¢ 1024 ¸³−3

(¶²µÉ´µ¸É¨ ¶µÉµ±  ´¥°É·µ´µ¢ ∼ 1033 ¸³−2 · c−1) §  Í¨±² ¤²¨É¥²Ó´µ¸ÉÓÕ 5 ¸.

�¸É·µË¨§¨Î¥¸±µ¥ ³¥¸Éµ r-¶·µÍ¥¸¸  ¶µ±  ´¥¤µ¸É ÉµÎ´µ Î¥É±µ µ¶·¥¤¥²¥´µ.
‘ ¡µ²ÓÏµ° ¢¥·µÖÉ´µ¸ÉÓÕ µ´ ¤µ²¦¥´ ¶·µ¨¸Ìµ¤¨ÉÓ ¢ Ö¤·¥ ¸¢¥·Ì´µ¢µ°, ¢ ¥¥ µ¡µ-
²µÎ±¥ ¶·¨ ¶·µÌµ¦¤¥´¨¨ Î¥·¥§ ´¥¥ Ê¤ ·´µ° ¢µ²´Ò ¨ ¤·Ê£¨Ì Ö¢²¥´¨ÖÌ, ¸µ¶·µ¢µ-
¦¤ ÕÐ¨Ì¸Ö ³µÐ´Ò³ ¢Ò¤¥²¥´¨¥³ Ô´¥·£¨¨. �¤´ ±µ ÔÉµÉ ¶·µÍ¥¸¸, ¡¥§Ê¸²µ¢´µ,
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¨¸. 15. ‘· ¢´¥´¨¥ · ¸Î¥Éµ¢ § ¢¨¸¨³µ¸É¨ µÉ A ¶·µ¨§¢¥¤¥´¨Ö σNA (NA = 106 ¤²Ö
Si) ¤²Ö Ö¤¥·, µ¡· §Ê¥³ÒÌ, ± ± ¶· ¢¨²µ, ¢ s-¶·µÍ¥¸¸¥; ·¨¸.   ¨ ¡ Å · §´Ò¥ ¤ ´´Ò¥
µ¡ NA, Éµ´± Ö ¨ Éµ²¸É Ö ²¨´¨¨ Å · §´Ò¥ ³µ¤¥²¨ £µ·¥´¨Ö �¥. �µ£·¥Ï´µ¸É¨ Ê± § ´Ò
Ê Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ §´ Î¥´¨° σNA Ö¤¥·, µ¡· §Ê¥³ÒÌ Éµ²Ó±µ ¨²¨ ¶µÎÉ¨ Éµ²Ó±µ ¢
s-¶·µÍ¥¸¸¥

¤µ¸É ÉµÎ´µ Ï¨·µ±µ · ¸¶·µ¸É· ´¥´ ¢µ ‚¸¥²¥´´µ°, ¶µ¸±µ²Ó±Ê Éµ²Ó±µ ¡² £µ-
¤ ·Ö ¥³Ê ¸³µ£²¨ µ¡· §µ¢ ÉÓ¸Ö ¢ ¤µ¸É ÉµÎ´ÒÌ ±µ²¨Î¥¸É¢ Ì ´Ê±²¨¤Ò ¸ A > 209,
  É ±¦¥ ´¥°É·µ´µ¨§¡ÒÉµÎ´Ò¥ ¨§µÉµ¶Ò Ô²¥³¥´Éµ¢, · ¸¶µ²µ¦¥´´ÒÌ ¢¤µ²Ó ¤µ-
·µ¦±¨ s-¶·µÍ¥¸¸ . �
 ÉÖ¦¥²ÒÌ ´Ê±²¨¤µ¢, ±µÉµ·Ò¥ ´¥ ³µ£ÊÉ µ¡· §µ¢ ÉÓ¸Ö ¢
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¨¸. 16. �µ²µ¸  r-¶·µÍ¥¸¸  ¶·¨ É¥³¶¥· ÉÊ·¥ 1010 Š ¨ ¶²µÉ´µ¸É¨ ´¥°É·µ´µ¢
1024 ¸³−3 [1]

·¥§Ê²ÓÉ É¥ s- ¨²¨ r-¶·µÍ¥¸¸  (É ± ´ §Ò¢ ¥³ÒÌ µ¡µ°¤¥´´ÒÌ ´Ê±²¨¤µ¢), ± ±
¢¨¤´µ ¨§ ·¨¸. 8, µÎ¥´Ó ³ ² .

…¸ÉÓ ¸¥·Ó¥§´Ò¥ µ¸´µ¢ ´¨Ö ¸Î¨É ÉÓ, ÎÉµ ‘µ²´¥Î´ Ö ¸¨¸É¥³  ¢µ§´¨±² 
¢¸±µ·¥ ¶µ¸²¥ Éµ£µ, ± ± ¢¡²¨§¨ ¢¸¶ÒÌ´Ê²  ¸¢¥·Ì´µ¢ Ö, ¨ ¶·µ¤Ê±ÉÒ r-¶·µÍ¥¸¸ 
¤µ¡ ¢¨²¨¸Ó ± ¨¸Ìµ¤´µ³Ê £ §µ¶Ò²¥¢µ³Ê µ¡² ±Ê (´  ÔÉµ Ê± §Ò¢ ¥É ¨§µÉµ¶´Ò°
¸µ¸É ¢ ¤·¥¢´¥°Ï¨Ì ³¥É¥µ·¨Éµ¢). ‚µ§³µ¦´µ, Ê¤ ·´ Ö ¢µ²´  µÉ ¸¢¥·Ì´µ¢µ° ¨
¨´¨Í¨¨·µ¢ ²  £· ¢¨É Í¨µ´´µ¥ ¸¦ É¨¥, ¶·¨¢¥¤Ï¥¥ ± µ¡· §µ¢ ´¨Õ ‘µ²´¥Î´µ°
¸¨¸É¥³Ò.

‚ ¶µ¸²¥¤´¨¥ £µ¤Ò ¨´É¥´¸¨¢´µ ¢¥¤ÊÉ¸Ö É¥µ·¥É¨Î¥¸±¨¥ ¨¸¸²¥¤µ¢ ´¨Ö ¡Ò-
¸É·ÒÌ ¶·µÍ¥¸¸µ¢ ¢  ¸É·µË¨§¨Î¥¸±¨Ì µ¡Ñ¥±É Ì (¢§·Ò¢µ¢ ´µ¢ÒÌ ¨ ¸¢¥·Ì´µ-
¢ÒÌ, · ¸¶·µ¸É· ´¥´¨Ö Ê¤ ·´ÒÌ ¢µ²´ ¨ É.¤.). �µÔÉµ³Ê ¤¥É ²Ó´Ò¥ · ¸Î¥ÉÒ
r-¶·µÍ¥¸¸  ¢ · §²¨Î´ÒÌ Ê¸²µ¢¨ÖÌ ¸É ´µ¢ÖÉ¸Ö ¢¸¥  ±ÉÊ ²Ó´¥¥, ¨ É·¥¡ÊÕÉ¸Ö ´ -
¤¥¦´Ò¥ ¤ ´´Ò¥ µ ¢¥²¨Î¨´ Ì 〈vσ〉T ¢ Ï¨·µ±µ° µ¡² ¸É¨ §´ Î¥´¨° A ¨ Z, ¢
Î ¸É´µ¸É¨, ¤²Ö · ¤¨µ ±É¨¢´ÒÌ ¨ ¢µ§¡Ê¦¤¥´´ÒÌ Ö¤¥·.

5. �Š‘5…
ˆŒ…�’�‹œ�›… Œ…’�„› �5
…„…‹…�ˆŸ ‘…—…�ˆ‰

…�Š–ˆ‰, �…�9•�„ˆŒ›• „‹Ÿ 
�‘—…’� 5
�–…‘‘�‚

�“Š‹…�‘ˆ�’…‡� ‚ ‡‚…‡„�•

ˆ§ ¸± § ´´µ£µ ¢ · §¤. 3 ¢¨¤´µ, ÎÉµ ¤²Ö ±µ²¨Î¥¸É¢¥´´µ£µ µ¶¨¸ ´¨Ö É¥·-
³µÖ¤¥·´µ£µ £µ·¥´¨Ö §¢¥§¤ ´¥µ¡Ìµ¤¨³Ò ¤µ¸É ÉµÎ´µ ÉµÎ´Ò¥ ¤ ´´Ò¥ µ¡ µÎ¥´Ó
³´µ£¨Ì ¸¥Î¥´¨ÖÌ ·¥ ±Í¨° É¨¶  ¶·µÉµ´-Ö¤·µ ¨ Ö¤·µ-Ö¤·µ, ¶·¨Î¥³ ¢ Éµ° µ¡² -
¸É¨ Ô´¥·£¨°, ¢ ±µÉµ·µ° ¨§-§  ±Ê²µ´µ¢¸±µ£µ ¡ ·Ó¥·  ÔÉ¨ ¸¥Î¥´¨Ö ±· °´¥ ³ ²Ò
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¨¸. 17. “¸É ´µ¢±  ¤²Ö ¨§³¥·¥´¨Ö  ±É¨¢ Í¨µ´´Ò³ ³¥Éµ¤µ³ ¸¥Î¥´¨° § Ì¢ É  ±¢ §¨§¢¥§¤-
´ÒÌ ´¥°É·µ´µ¢ (Š ·²¸·ÊÔ):  ) ¸Ì¥³  Ê¸É ´µ¢±¨, ¡) ¸¶¥±É· £¥´¥·¨·Ê¥³ÒÌ ´¥°É·µ´µ¢ [9]

Å Î ¸Éµ ´  ³´µ£µ ¶µ·Ö¤±µ¢ ³¥´ÓÏ¥ ¤µ¸ÉÊ¶´ÒÌ ¤²Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨¸¸²¥-
¤µ¢ ´¨°. � ¤¥¦´ Ö Ô±¸É· ¶µ²ÖÍ¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¢ ÔÉ¨ µ¡² ¸É¨,
± ± ¶· ¢¨²µ, ¡Ò¢ ¥É § É·Ê¤´¨É¥²Ó´ , µ¸µ¡¥´´µ, ¥¸²¨ § ³¥É´Ò° ¢±² ¤ ¢ ¸¥Î¥-
´¨¥ ¤ ÕÉ ·¥§µ´ ´¸Ò. ‚ ·Ö¤¥ ¸²ÊÎ ¥¢ ¤²Ö ÔÉµ£µ ³µ£ÊÉ µ± § ÉÓ¸Ö ¶µ²¥§´Ò³¨
¤ ´´Ò¥ µ ¸¥Î¥´¨ÖÌ µ¡· É´ÒÌ ·¥ ±Í¨°, ¢ ¶¥·¢ÊÕ µÎ¥·¥¤Ó, ´¥°É·µ´-Ö¤¥·´ÒÌ.

�¤´ ±µ, ± ± Ê¦¥ £µ¢µ·¨²µ¸Ó ¢ · §¤. 4, ± ·¤¨´ ²Ó´ÊÕ ·µ²Ó ¶·¨ µ¶¨¸ ´¨¨
s- ¨ r-¶·µÍ¥¸¸µ¢ ´Ê±²¥µ¸¨´É¥§  ¢ §¢¥§¤ Ì ¨£· ÕÉ ¤ ´´Ò¥ µ ´¥°É·µ´-Ö¤¥·´ÒÌ
·¥ ±Í¨ÖÌ. „²Ö ±µ··¥±É´ÒÌ · ¸Î¥Éµ¢ ÔÉ¨Ì ¶·µÍ¥¸¸µ¢ ´¥µ¡Ìµ¤¨³Ò ¤µ¸É ÉµÎ´µ
ÉµÎ´Ò¥ ¨ ´ ¤¥¦´Ò¥ ¤ ´´Ò¥ µ ¢¥²¨Î¨´ Ì 〈vσ〉T , É.¥. µ ¸¥Î¥´¨ÖÌ § Ì¢ É  ¢¸¥³¨
Ö¤· ³¨ ÉÖ¦¥²¥¥ ¦¥²¥§  ´¥°É·µ´µ¢ ¸ ³ ±¸¢¥²²µ¢¸±¨³ ¸¶¥±É·µ³ ¶·¨ · §²¨Î´ÒÌ
É¥³¶¥· ÉÊ· Ì ¶µ·Ö¤±  10 ±Ô‚ ¨ ¢ÒÏ¥ Å ®±¢ §¨§¢¥§¤´ÒÌ¯ ´¥°É·µ´µ¢. „²Ö ·Ö¤ 
Ö¤¥· (¢ Î ¸É´µ¸É¨, ³ £¨Î¥¸±¨Ì ¨ µ±µ²µ³ £¨Î¥¸±¨Ì) É ±¨¥ ¤ ´´Ò¥ ³µ¦´µ ¶µ²Ê-
Î¨ÉÓ Éµ²Ó±µ ¶ÊÉ¥³ ¶·Ö³µ£µ ¨§³¥·¥´¨Ö ¸¥Î¥´¨° ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¨´É¥´¸¨¢´ÒÌ
¶µÉµ±µ¢ ±¢ §¨§¢¥§¤´ÒÌ ´¥°É·µ´µ¢, ¶µ¸±µ²Ó±Ê ¤·Ê£¨¥ ³¥Éµ¤Ò (´ ¶·¨³¥·, ¸¶¥±-
É·µ³¥É·¨Ö ¶µ ¢·¥³¥´¨ ¶·µ²¥É  ¸ ¶µ¸²¥¤ÊÕÐ¨³ ¨´É¥£·¨·µ¢ ´¨¥³ ¶µ ³ ±¸¢¥²-
²µ¢¸±µ³Ê ¸¶¥±É·Ê ¶·¨ É·¥¡Ê¥³µ° É¥³¶¥· ÉÊ·¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ §´ Î¥´¨°
§ ¢¨¸ÖÐ¨Ì µÉ Ô´¥·£¨¨ ¸¥Î¥´¨°) ´¥ ¶µ§¢µ²ÖÕÉ ±µ··¥±É´µ ÊÎ¥¸ÉÓ ¢±² ¤ ¢ ¸¥-
Î¥´¨Ö §  ¸Î¥É ¶·Ö³µ£µ (´¥·¥§µ´ ´¸´µ£µ) § Ì¢ É , ±µÉµ·Ò° ³µ¦¥É ¡ÒÉÓ ¢¥¸Ó³ 
¸ÊÐ¥¸É¢¥´´Ò³. �µ ¤µ ´ ¸ÉµÖÐ¥£µ ¢·¥³¥´¨ Ê¤ ¢ ²µ¸Ó ¶µ²ÊÎ ÉÓ ¨´É¥´¸¨¢´Ò¥
¶µÉµ±¨ ±¢ §¨§¢¥§¤´ÒÌ ´¥°É·µ´µ¢ Éµ²Ó±µ ¶·¨ ¤¢ÊÌ É¥³¶¥· ÉÊ· Ì: kT = 25
¨ 52 ±Ô‚, ¢ Î ¸É´µ¸É¨, ´  Ê¸É ´µ¢±¥ ˆ´¸É¨ÉÊÉ  Ö¤¥·´µ° Ë¨§¨±¨-III ˆ¸¸²¥-
¤µ¢ É¥²Ó¸±µ£µ Í¥´É·  ¢ Š ·²¸·ÊÔ (·¨¸. 17). „²Ö ÔÉµ£µ ¡Ò² ¨¸¶µ²Ó§µ¢ ´ ÉµÉ
Ë ±É, ÎÉµ ¶·µ¨´É¥£·¨·µ¢ ´´Ò° ¶µ Ê£² ³ ¢Ò²¥É  ¢ ¶·¥¤¥² Ì µ¶·¥¤¥²¥´´µ£µ
É¥²¥¸´µ£µ Ê£²  (±¨´¥³ É¨Î¥¸±¨ ¸±µ²²¨³¨·µ¢ ´´ÒÌ) ¸¶¥±É· ´¥°·µ´µ¢, ¸µµÉ-
¢¥É¸É¢¥´´µ, µÉ ·¥ ±Í¨° 7Li(p, n) ¶·¨ Ô´¥·£¨¨ ¶·µÉµ´µ¢ Ep = 1912 ±Ô‚ ¨
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¨¸. 18. Œ¥Éµ¤ £¥´¥· Í¨¨ ±¢ §¨§¢¥§¤´ÒÌ ´¥°É·µ´µ¢ ¸ ¢ ·Ó¨·Ê¥³µ° É¥³¶¥· ÉÊ·µ° [11]:
a) ¸Ì¥³  Ê¸É ´µ¢±¨, ¡) ¶·¨³¥·Ò · ¸cÎ¨É ´´ÒÌ ´¥°É·µ´´ÒÌ ¸¶¥±É·µ¢

T (p, n) ¶·¨ Ep = 1099 ±Ô‚ µ± §Ò¢ ¥É¸Ö ¡²¨§±¨³ ± ³ ±¸¢¥²²µ¢¸±µ³Ê ¶·¨
Ê± § ´´ÒÌ É¥³¶¥· ÉÊ· Ì (¸³., ´ ¶·¨³¥·, [9]).

„²Ö £¥´¥· Í¨¨ ¨´É¥´¸¨¢´ÒÌ ¶µÉµ±µ¢ ±¢ §¨§¢¥§¤´ÒÌ ´¥°É·µ´µ¢ ¸ É¥³¶¥· -
ÉÊ·µ°, ¨§³¥´Ö¥³µ° ¢ ¤¨ ¶ §µ´¥ 10 ≤ kT ≤ 40 ±Ô‚, ¢ ¸µ¢³¥¸É´µ° · ¡µÉ¥ [11]
ˆŸˆ 
�� ¨ ‹�” �ˆŸˆ ¶·¥¤²µ¦¥´Ò ¨ ·¥ ²¨§ÊÕÉ¸Ö ´µ¢Ò¥ ³¥Éµ¤Ò, µ¸´µ-
¢ ´´Ò¥ ´  ¨¸¶µ²Ó§µ¢ ´¨¨ ¶·µÍ¥¸¸  Ê¶·Ê£µ£µ § ³¥¤²¥´¨Ö ´¥°É·µ´µ¢ ¢ ¡²µ± Ì
§ ³¥¤²¨É¥²Ö ¸¶¥Í¨ ²Ó´µ° Ëµ·³Ò. �  µ¸´µ¢¥ ¤¥É ²Ó´ÒÌ · ¸Î¥Éµ¢, ¢±²ÕÎ Õ-
Ð¨Ì ¢ ·¨ Í¨Õ ¶ · ³¥É·µ¢ ¨¸ÉµÎ´¨±  ´¥°É·µ´µ¢ ¨ ¸µ¸É ¢  ¨ Ëµ·³Ò ¡²µ± 
§ ³¥¤²¨É¥²Ö, ´ °¤¥´µ, ÎÉµ µ¤´¨³ ¨§ µ¶É¨³ ²Ó´ÒÌ ¢ ·¨ ´Éµ¢ £¥´¥· Éµ·  ±¢ -
§¨§¢¥§¤´ÒÌ ´¥°É·µ´µ¢ ³µ¦¥É ¸²Ê¦¨ÉÓ Ê¸É ´µ¢± , ¶·¥¤¸É ¢²¥´´ Ö ´  ·¨¸. 18, .
�¥°É·µ´Ò µ¡· §ÊÕÉ¸Ö ¶·µÉµ´ ³¨ µÉ Ê¸±µ·¨É¥²Ö ‚ ´-¤¥-ƒ·  Ë , ¶ ¤ ÕÐ¨³¨
´  ²¨É¨¥¢ÊÕ ³¨Ï¥´Ó M , · ¸¶µ²µ¦¥´´ÊÕ Ê ¶µ¢¥·Ì´µ¸É¨ £· Ë¨Éµ¢µ° ¶·¨§³Ò.

 ¸Î¥ÉÒ [11] ¶µ± §Ò¢ ÕÉ, ÎÉµ ¶·¨ µ¶·¥¤¥²¥´´ÒÌ · §³¥· Ì ¶·¨§³Ò, Ô´¥·£¨¨
¶·µÉµ´µ¢ ´ ¤ ¶µ·µ£µ³ ·¥ ±Í¨¨ 7Li(p, n) ¨ · ¸¸ÉµÖ´¨¨ r µÉ ³¥¸É  ¶µ¶ ¤ ´¨Ö
´¥°É·µ´µ¢ ¢ ¶·¨§³Ê ¤µ µ¡· §Í  O ¸¶¥±É· ´¥°É·µ´µ¢, ¢Ò²¥É ÕÐ¨Ì ¨§ £· Ë¨Éµ-
¢µ° ¶·¨§³Ò ¨ ¶ ¤ ÕÐ¨Ì ´  µ¡· §¥Í, µ± §Ò¢ ¥É¸Ö ¡²¨§±¨³ ± ³ ±¸¢¥²²µ¢¸±µ³Ê
¸ § ¤ ´´µ° É¥³¶¥· ÉÊ·µ°, ± ± ÔÉµ ¢¨¤´µ ´  ·¨¸. 18,¡.

„²Ö ¨§³¥·¥´¨Ö ¸¥Î¥´¨° ¢§ ¨³µ¤¥°¸É¢¨Ö ´¥°É·µ´µ¢ ¸ · ¤¨µ ±É¨¢´Ò³¨ ¨
¢µ§¡Ê¦¤¥´´Ò³¨ Ö¤· ³¨,   É ±¦¥ ¸ Ö¤· ³¨, ¨³¥ÕÐ¨³¨¸Ö ¢ ±· °´¥ ³ ²ÒÌ ±µ²¨-
Î¥¸É¢ Ì ¨/¨²¨ ¶·¨ µÎ¥´Ó ³ ²ÒÌ ¸¥Î¥´¨ÖÌ, ¶² ´¨·Ê¥É¸Ö ¨¸¶µ²Ó§µ¢ ÉÓ ¸¶¥±É·µ-
³¥É·Ò ¶µ ¢·¥³¥´¨ § ³¥¤²¥´¨Ö (‘‚‡) ´¥°É·µ´µ¢ ¢ ¸¢¨´Í¥ 3-£µ ¶µ±µ²¥´¨Ö, É.¥.
¸µ ¸¢¥·Ì¨´É¥´¸¨¢´Ò³ ¨¸ÉµÎ´¨±µ³ ´¥°É·µ´µ¢, µ¡· §Ê¥³ÒÌ ¢ ·¥ ±Í¨¨ ¸± ²Ò-
¢ ´¨Ö ¶µ¤ ¤¥°¸É¢¨¥³ ¶ÊÎ±µ¢ ¶·µÉµ´µ¢ ¢ ³¨Ï¥´ÖÌ ¸¨²Ó´µÉµÎ´ÒÌ Ê¸±µ·¨É¥²¥°
É¨¶  ³¥§µ´´ÒÌ Ë ¡·¨±.

Œ¥Éµ¤ ¸¶¥±É·µ³¥É·¨¨ ¸ ¶µ³µÐÓÕ ‘‚‡ µ¸´µ¢ ´ ´  Éµ³ Ë ±É¥, ÎÉµ ¡Ò-
¸É·Ò¥ ´¥°É·µ´Ò µÉ ¨³¶Ê²Ó¸´µ£µ ¨¸ÉµÎ´¨±  ¢ ¶·µÍ¥¸¸¥ § ³¥¤²¥´¨Ö ¢ ÉÖ¦¥²µ°
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¨¸. 19. ‘Ì¥³  Ê¸É ´µ¢±¨ �ˆ’�� (Í¥´É· ²Ó´Ò° ¢¥·É¨± ²Ó´Ò° · §·¥§): 1 Å ±Ê¡,
¸µ¡· ´´Ò° ¨§ ¸¢¥·ÌÎ¨¸ÉÒÌ (99,99%) ¸¢¨´Íµ¢ÒÌ ±¨·¶¨Î¥°; 2 Ä ¸¢¨´Íµ¢ Ö ³¨Ï¥´Ó,
¢¢µ¤¨³ Ö ¢ ¶ÊÎµ± ¢µ ¢·¥³Ö ¨§³¥·¥´¨°, 3 Å Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ± ´ ²Ò; 4 Å µ¶µ·´ Ö
¶² ÉËµ·³ ; p Å ¶ÊÎµ± ¶·µÉµ´µ¢

¸·¥¤¥ £·Ê¶¶¨·ÊÕÉ¸Ö ¶µ Ô´¥·£¨¨ ¢¡²¨§¨ ´¥±µÉµ·µ° ¸·¥¤´¥° Ē, ¸¢µ¥° ¤²Ö ± -
¦¤µ£µ ³µ³¥´É  ¢·¥³¥´¨ ¶µ¸²¥ ´¥°É·µ´´µ£µ ¨³¶Ê²Ó¸ . �µÔÉµ³Ê ¨§³¥·¥´¨¥
¢·¥³¥´´µ° § ¢¨¸¨³µ¸É¨ ¸±µ·µ¸É¨ µ¡· §µ¢ ´¨Ö ¶·µ¤Ê±Éµ¢ ¨§ÊÎ ¥³µ° ·¥ ±Í¨¨
¶µ§¢µ²Ö¥É µ¶·¥¤¥²ÖÉÓ Ô´¥·£¥É¨Î¥¸±ÊÕ § ¢¨¸¨³µ¸ÉÓ ¸¥Î¥´¨Ö ÔÉµ° ·¥ ±Í¨¨. ‘‚‡
¨³¥ÕÉ ¸¢¥Éµ¸¨²Ê ¢ 103 − 104 · § ¡µ²ÓÏ¥, Î¥³ ¸¶¥±É·µ³¥É·Ò ¶µ ¢·¥³¥´¨ ¶·µ-
²¥É  ¶·¨ Éµ° ¦¥ ¨´É¥´¸¨¢´µ¸É¨ ´¥°É·µ´´µ£µ ¨¸ÉµÎ´¨±  ¨ Éµ³ ¦¥ Ô´¥·£¥É¨-
Î¥¸±µ³ · §·¥Ï¥´¨¨ ∆E/Ē, ±µÉµ·µ¥ ¤²Ö ‘‚‡ ¸µ¸É ¢²Ö¥É 30-45%. ˆ É¥³ ´¥
³¥´¥¥, ´¥¸³µÉ·Ö ´  ¸Éµ²Ó µ£· ´¨Î¥´´µ¥ Ô´¥·£¥É¨Î¥¸±µ¥ · §·¥Ï¥´¨¥, ‘‚‡ ¶µ-
²ÊÎ¨²¨ ¤µ¢µ²Ó´µ Ï¨·µ±µ¥ · ¸¶·µ¸É· ´¥´¨¥ ¢ ³¨·¥ [12]. ‚ Î ¸É´µ¸É¨, ¢¢¨¤Ê
µ£· ´¨Î¥´´µ¸É¨ ∆E/Ē ‘‚‡ Í¥²¥¸µµ¡· §´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¢ ¸²ÊÎ ÖÌ, ±µ£¤  ´¥-
µ¡Ìµ¤¨³  ¢Ò¸µ± Ö ¸¢¥Éµ¸¨²  ¨ ´¥ É·¥¡Ê¥É¸Ö ¢Ò¸µ±µ¥ · §·¥Ï¥´¨¥. ‚ Î ¸É´µ¸É¨,
‘‚‡ µ¸µ¡¥´´µ Ê¤µ¡´Ò ¤²Ö ¨§³¥·¥´¨Ö Ô´¥·£¥É¨Î¥¸±µ° § ¢¨¸¨³µ¸É¨ ¸¥Î¥´¨Ö ¨
¶µ¸²¥¤ÊÕÐ¥£µ Ê¸·¥¤´¥´¨Ö ·¥§Ê²ÓÉ É  ¶µ ³ ±¸¢¥²²µ¢¸±µ³Ê ¸¶¥±É·Ê.

‚ ˆŸˆ ¶·µ¢µ¤ÖÉ¸Ö Ô±¸¶¥·¨³¥´ÉÒ ´  Ê¸É ´µ¢±¥ �ˆ’�� (¸³. ·¨¸. 19) Å
¶¥·¢µ³ ‘‚‡ 3-£µ ¶µ±µ²¥´¨Ö ´  µ¸´µ¢¥ ¶ÊÎ±  ¶·µÉµ´µ¢ ¸¨²Ó´µÉµÎ´µ£µ Ê¸±µ-
·¨É¥²Ö Œµ¸±µ¢¸±µ° ³¥§µ´´µ° Ë ¡·¨±¨ (ŒŒ”) ˆŸˆ 
�� [13]. “¸É ´µ¢± 
�ˆ’�� Ö¢²Ö¥É¸Ö ¶·µÉµÉ¨¶µ³ ¡µ²ÓÏµ£µ ‘‚‡ (> 100 É ¸¢¨´Í ) É ±¦¥ ´ 
µ¸´µ¢¥ ¶ÊÎ±  ¶·µÉµ´µ¢ ŒŒ”, ±µÉµ·Ò° ¶² ´¨·Ê¥É¸Ö ¢¢¥¸É¨ ¢ Ô±¸¶²Ê É Í¨Õ ¢
¡²¨¦ °Ï¥¥ ¢·¥³Ö. �ˆ’�� ¢ µ¸´µ¢´µ³ ¶·¥¤´ §´ Î ¥É¸Ö ¤²Ö ¨¸¸²¥¤µ¢ ´¨Ö Ì -
· ±É¥·¨¸É¨± ¨ µÉ· ¡µÉ±¨ ³¥Éµ¤¨± Ô±¸¶²Ê É Í¨¨ ‘‚‡ 3-£µ ¶µ±µ²¥´¨Ö. Š·µ³¥
Éµ£µ, ´¥¸³µÉ·Ö ´  ³ ²Ò¥ · §³¥·Ò �ˆ’��  (≈ 1 ³3 ¸¢¨´Í ) ¨, ± ± ¸²¥¤-
¸É¢¨¥ ÔÉµ£µ, ¡Ò¸É·µ¥ § ÉÊÌ ´¨¥ ¶²µÉ´µ¸É¨ ¶µÉµ±  ´¥°É·µ´µ¢ Φ ¸µ ¢·¥³¥´¥³,
¢ µ¡² ¸É¨ Ô´¥·£¨° ≤ 100 Ô‚ ¢ ³¥¸É Ì · ¸¶µ²µ¦¥´¨Ö ¨¸¸²¥¤Ê¥³ÒÌ µ¡· §Íµ¢
Φ ¸µ¸É ¢²Ö¥É 106 − 107 ¸³−2 · c−1· Ô‚−1, ÎÉµ ¡µ²¥¥ Î¥³ ´  ¶µ·Ö¤µ± ¶·¥¢Ò-
Ï ¥É Φ ¢ ²ÊÎÏ¨Ì ¢ ³¨·¥ ‘‚‡ 2-£µ ¶µ±µ²¥´¨Ö (¸ ´¥°É·µ´´Ò³¨ ¨¸ÉµÎ´¨± ³¨
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´  µ¸´µ¢¥ Ô²¥±É·µ´´ÒÌ Ê¸±µ·¨É¥²¥°). ‚Ò¶µ²´¥´´Ò¥ ´  �ˆ’��¥ ¨¸¸²¥¤µ-
¢ ´¨Ö ¶µ± § ²¨, ÎÉµ ¸ ¶µ³µÐÓÕ ‘‚‡ 3-£µ ¶µ±µ²¥´¨Ö ¤¥°¸É¢¨É¥²Ó´µ ³µ¦´µ
ÔËË¥±É¨¢´µ ¨§ÊÎ ÉÓ ·¥ ±Í¨¨ ¸ ³ ²Ò³¨ ¸¥Î¥´¨Ö³¨ σx ¨ ´¥¡µ²ÓÏ¨³ Î¨¸²µ³
N ¨¸¸²¥¤Ê¥³ÒÌ Ö¤¥·. ‚ ¡µ²ÓÏµ³ ‘‚‡, ± ± ¶µ± §Ò¢ ÕÉ µÍ¥´±¨, ³µ¦´µ ¡Ê¤¥É
¤µ¸É¨ÎÓ Φ ¢ 10Ä100 · § ¡µ²ÓÏÊÕ. �Éµ ¶µ§¢µ²¨É ¶·¨ Nσx ∼ 10−11−10−12 ¸³2

·¥£¨¸É·¨·µ¢ ÉÓ µ¤´µ ¸µ¡ÒÉ¨¥ ¢ ¸¥±Ê´¤Ê, ÎÉµ ¢¶µ²´¥ ¤µ¸É ÉµÎ´µ ¤²Ö Ô±¸¶¥·¨-
³¥´Éµ¢ ¸µ ³´µ£¨³¨ ´¥¸É ¡¨²Ó´Ò³¨ ¨§µÉµ¶ ³¨, µ¡· §Ê¥³Ò³¨ ´¥¶µ¸·¥¤¸É¢¥´´µ
¢ ¸ ³µ³ ¸¶¥±É·µ³¥É·¥.

Š ± ¨ Ô±¸¶¥·¨³¥´ÉÒ ¸ ±¢ §¨§¢¥§¤´Ò³¨ ´¥°É·µ´ ³¨, Ô±¸¶¥·¨³¥´ÉÒ ´ 
‘‚‡ ¡Ê¤ÊÉ ¶·µ¢µ¤¨ÉÓ¸Ö ˆŸˆ 
�� ¨ ‹�” �ˆŸˆ ¸µ¢³¥¸É´µ.

6. ‡�Š‹B—…�ˆ…

Š ·É¨´  Ô¢µ²ÕÍ¨¨ · ´´¥° ‚¸¥²¥´´µ° ¢ ¶¥·¨µ¤ ¸¶Ê¸ÉÖ 0,01 ¸ ¶µ²ÊÎ¥´ 
¢ · ³± Ì µ¸´µ¢´µ° £¨¶µÉ¥§Ò ±µ¸³µ²µ£¨¨, ¸µ£² ¸´µ ±µÉµ·µ° § ±µ´Ò ¶·¨·µ¤Ò
(§ ±µ´Ò Ë¨§¨±¨), Ê¸É ´µ¢²¥´´Ò¥ ´  µ¸´µ¢¥ ¨§ÊÎ¥´¨Ö ¢¥¸Ó³  µ£· ´¨Î¥´´µ°
Î ¸É¨ ‚¸¥²¥´´µ°, ³µ£ÊÉ ¡ÒÉÓ Ô±¸É· ¶µ²¨·µ¢ ´Ò ´  ¢¸Õ ‚¸¥²¥´´ÊÕ, ´  ¶·µ-
Í¥¸¸Ò µ¡· §µ¢ ´¨Ö ¨ Ô¢µ²ÕÍ¨¨ §¢¥§¤. �¤´ ±µ ¸ ³¨ § ±µ´Ò ¶·¨·µ¤Ò ¢¸¥£¤ 
Ê¸É ´ ¢²¨¢ ÕÉ¸Ö ´  µ¶·¥¤¥²¥´´µ³ Ê·µ¢´¥ ÉµÎ´µ¸É¨ ¨ ´Ê¦¤ ÕÉ¸Ö ¢ ¶µ¸ÉµÖ´-
´µ³ ÊÉµÎ´¥´¨¨, ÎÉµ ¶·¨¢µ¤¨É ± ÊÉµÎ´¥´¨Õ ¨ ¤ ¦¥ ¨§³¥´¥´¨Õ ¶·¥¤¸É ¢²¥-
´¨° µ ³¥Ì ´¨§³ Ì · §²¨Î´ÒÌ ¶·µÍ¥¸¸µ¢, · ¸¸³ É·¨¢ ¥³ÒÌ  ¸É·µË¨§¨±µ°. ‚
¸¢µÕ µÎ¥·¥¤Ó, ÔÉµ É·¥¡Ê¥É ¢µ§· ¸É ´¨Ö ¶µ²´µÉÒ ¨ ÉµÎ´µ¸É¨ Ô±¸¶¥·¨³¥´É ²Ó-
´ÒÌ ¤ ´´ÒÌ. ‚ Î ¸É´µ¸É¨, ¤²Ö · ¸Î¥Éµ¢ ´Ê±²¥µ¸¨´É¥§  Ö¤¥· ÉÖ¦¥²¥¥ ¦¥²¥§ 
´¥µ¡Ìµ¤¨³µ ¸ÊÐ¥¸É¢¥´´µ ¶µ¢Ò¸¨ÉÓ ÉµÎ´µ¸ÉÓ ¨ · ¸Ï¨·¨ÉÓ ´ ¡µ· ¤ ´´ÒÌ µ
¸¥Î¥´¨ÖÌ ´¥°É·µ´-Ö¤¥·´ÒÌ ·¥ ±Í¨°, Ê¸·¥¤´¥´´ÒÌ ¶µ ³ ±¸¢¥²²µ¢¸±µ³Ê ¸¶¥±-
É·Ê ´¥°É·µ´µ¢ ¶·¨ É¥³¶¥· ÉÊ· Ì µÉ 10 ±Ô‚ ¨ ¢ÒÏ¥. ‚ ˆŸˆ 
�� ¨ ‹�”
�ˆŸˆ ¸µ§¤ ´Ò ¨ ¸µ§¤ ÕÉ¸Ö ´µ¢Ò¥, ¡µ²¥¥ ÔËË¥±É¨¢´Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥
Ê¸É ´µ¢±¨ ¤²Ö ¨§³¥·¥´¨Ö É ±¨Ì ¸¥Î¥´¨°.
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